Few products have more specs per cubic inch 
than operational amplifiers. It’s no wonder that 
this is an immensely fertile field for Murphy’s 
Law to raise havoc. Considering the number of 
variables to be juggled, and the relative inex- 
perience of many op-amp users, it’s not surpris- 
ing that the circuits don’t always play the first . 
time around. : 

When manufacturers add the smoke screen of 
foggy specs, either deliberately or inadvertently 
(and I guess we are all guilty of this at one 
time or another), the poor user is really in 
trouble. 


There’s a bewildering array of numbers and most 
are just approximations. 


Op amps are darned complicated. There are 
really lots of specifications, and most are only 
approximations of what’s happening in the black 
box. Most parameters like voltage drift, current 
drift and open-loop gain are nonlinear functions 
of temperature; others, like common-mode rejec- 
tion and common-mode impedance, are nonlinear 
functions of input voltage. And almost all param- 
eters depend on supply voltages. Therefore, 
when you use a single number to specify a pa- 
rameter, you must qualify the conditions of the 
measurements. Comprehensive graphs would be 
necessary to define performance completely. 

Confronted with 50 more-or-less mysterious 
numbers, most engineers tend to select an op 
amp in terms of familiar values and to forget 
about the rest. An engineer who wants to replace 
a sensitive relay with a low-cost amplifier might 
simply .concern himself with the output-current 
rating and neglect such factors as drift or gain. 


And there are no standards. 


Then there’s the lack of standards for op-amp | 
specs. Though various efforts have been made 
to unify terms throughout industry, this has not 
yet been done, so manufacturers have loopholes 
for specsmanship. 

Along with real, honest-to-goodness specsman- 
ship, we find the inadvertent errors of omission. 
The holes in the spec, or usually, the lack of 
additional information, is not revealed until the 
engineer has assembled umpteen amplifiers into 
his product and the whole batch is waiting to be 
shipped. Very sad. 

We were attending our first IEEE Show when 
a group of indignant engineers advanced on us 
and used us as whipping boys for the whole 
op-amp industry. They accused us of being con 
men. This we take in our stride when it’s leveled 
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at the competition, but these guys included us 
in their blast. 

They had purchased a diff amp with a 5 4V/°C 
drift spec. The data sheet said that this number 
meant maximum voltage drift. What the sheet 
neglected to say was that the specs held only for 
steady-state temperature conditions. What hap- 
pened during thermal transients was another 
kettle of fish that no numbers covered. 
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Though we were able to show that this point 
had been covered in an-early application note, 
we certainly hadn’t referred to it in spec sheets 
for any amplifiers. Actually we didn’t know how 
to specify this mode of operation quantitatively. 
And some competitors had omitted the point. 

Now, let’s take a closer look at some of the 
major specifications and see how these problems 
come up. 
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There’s more to voltage drift than meets the eye. 

It can help to go back to first principles. We 
all know that a transistor’s base-emitter voltage 
varies at roughly 2400 microvolts for every de- 
gree C change. This variation develops an out- 
put, or offset, exactly as if a true input of equal 
magnitude were driving the transistor. The use 
of differential pairs enables the net voltage offset 
to be drastically reduced because both transistors 
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can be matched so their offsets track within a 
few microvolts over the temperature range. This 
is how the amplifier comes to have a drift spec 
of 5 wV/°C instead of 2400 wV/°C; the transis- 
tors track within 5 pV for every 2400 wV of 
base-emitter drift, that is, for every 1°C rise. 


But there’s a flaw here. What happens if the . 


base-emitter junctions are not at the same tem- 
perature? The spec states a figure for maximum 
drift, but this is really a tracking spec for base- 
emitter junctions at the same temperature. 

Obviously, thermal gradients caused by ad- 
jacent heat-dissipating components can make 
nonsense of such specifications by making one 
junction hotter than the other. It only takes 
0.1°C differential between the two junctions to 
develop 2400/10 = 240 microvolts offset. To 
say the least, this is a substantial offset for an 
op amp with a 5 wV/°C max drift spec. 

In fact, offsets are caused not only by such 
obvious temperature-gradient sources as adjacent 
heat-dissipating elements and room-air drafts, 
but also by changes in the amplifier’s own load 
current. Altering the output current from 2 mA 
to 20 mA produces an internal temperature 
transient that develops an offset due to unequal 
heating of the input transistor pair until tem- 
perature equilibrium is re-established. And when 
the amplifier has settled to its new output level, 
the input signal will invariably set the load 
current back to 2 mA, starting the problem all 
over again. 

Offsets due to warmup and changes in operat- 
ing conditions can be particularly annoying when 
an instrument or system is being adjusted. It 
takes only finger heat on one side of a differen- 


tial amplifier to produce a distinctly-measurable . 


offset error. How does one put performance 
specifications on such nebulous factors? 

One way to sidestep the temperature-gradient 
error is to avoid the differential amplifier. A 
chopper-stabilized amplifier corrects automati- 
cally for transient offsets of this kind. Its error- 
sensing circuit is independent of mismatches 
between the transistors. But sometimes the 
chopper unit won’t win. Apart from being twice 
as big and costly as a differential amplifier, the 
chopper-stabilized. unit has only a single input 
terminal. (The other terminal is “used up” in 
the stabilizing circuit.) A single-ended amplifier 
can’t easily be used in noninverting or differen- 
tial circuits. So what you gain on the round- 
abouts breaks the rope on the swings. 

Fortunately, some diff amps are inherently 
less susceptible to temperature gradients. Single- 


chip, dual-transistor front-end circuits cut down 
thermal inertia and reduce physical spacing be- 
tween base-emitter junctions of each differential 
pair. Monolithic IC op amps are generally good 
on this score because of the small spacing be- 
tween junctions. 

Consequently, temperature transients never 
pull the two junctions more than a few hun- 
dredths of a degree apart. Such amplifiers offer 
a meaningful steady-state maximum voltage drift 
of about 1 y/V°C, with a short-lived and worst- 
case offset of about 75 microvolts for 40°C ther- 
mal shock. © 

While an amplifier with a dual input transistor 
exhibits a considerable improvement in offset 
stability, there is no way to discern this fact in 
comparing the usual published offset-drift spec- 
ifications. A user can get some idea of compara- 
tive thermal-gradient performance by making 
thermal shock tests, like dropping the amplifier 
in an oil bath 40°C above ambient. He’ll get a 
response like this. 
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Okay, so we’ve raised one straw man and 
then beaten it down. But aren’t there other prob- 
lems that only specsmanship has solved thus far? 


Zeroing can hide some second-order pitfalis. 


What happens when you adjust an amplifier’s 
offset potentiometer to zero its output at the 
selected working temperature? Not surprisingly, 
there’s more to the process than meets the eye. 
And it’s not always easy to tie up the sources 
of error in neat, crisp numbers. 

The offset pot is frequently a variable resistor 
in series with a collector load resistor. The am- 
plifier’s output is zeroed by altering collector 
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current to change voltage balance between the 
two front-end transistors. 

So What? Well, it turns out that there’s a 
second-order effect that causes interaction be- 
tween the actual value of collector current and 
the rate at which the transistor’s base-emitter 
voltage drifts with temperature. Adjust collector 
current in one transistor of a matched differen- 
tial pair and it no longer tracks the other as 
temperature varies. True, the adjustment mod- 
ifies the base-emitter drift by only 0.7 wV/°C 
for each 250 yV change in emitter-base voltage 
or initial offset voltage. 

But such differences can swamp the carefully- 
designed tracking specs of today’s state-of-the- 
art differential amplifiers. For example, some 
chopperless differential amplifiers have better 
than 1 4V/C° maximum voltage drift. To zero 
an initial offset voltage of 1 mV with the internal 
balance pot in one of these amplifiers would 
introduce a change in temperature drift of 2.8 
pv/°C. And that really screws up the works. 

Some manufacturers neglect to point out the 
second-order effects caused by trimmer adjust- 
ments, but as op amp specs improve these effects 
can no longer be ignored. One must really know 
the condition of the balance resistor to specify 
voltage drift uniquely. We get around this by 
eliminating provisions for an internal offset trim 
on low-drift amplifiers and by recommending 
external offset biasing circuits. 


Average drift is a trap. Remember the man who 
drowned while wading through a stream with an 
average depth of only four feet? 

Neither voltage drift nor current drift are 
linear functions of ambient temperature. Accord- 
ingly, the numbers published for voltage drift 
and bias-current drift can refer only to average 
valués, or to values at specific operating condi- 
tions. For example, an amplifier’s total change 
in voltage offset for a temperature excursion 
from —25. to +85°C might be 2200 microvolts 
(referred to the input). The average drift rate 
over this interval works out to 2200/110° or 20 
#V/C°. But when you look at the actual drift 
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curve you see that the drift rate at the extremes 
of temperature can exceed the specified average 
drift rate by a substantial amount. 


x Average Slope 
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You have a special problem when the drift 
curve changes slope—a real live possibility. Here 
the average slope calculated by subtracting end 
points is entirely meaningless. Nonetheless, some 
manufacturers have taken advantage of this 
golden opportunity for specsmanship. 
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Perhaps trickier to interpret than the voltage- 
drift figures are the nonlinear errors caused by 
exponential variation of bias currents in FET 
and varactor-bridge amplifiers. Usually, the bias 
current at a given temperature is specified, and 
the spec reader is reminded that the bias current 
doubles for approximately 10°C temperature rise 
as it does here. 
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If a value of bias-current drift is given, it is 
usually quoted at room temperature, where the 
slope of the bias current versus temperature 
curve (i.e., drift) is shallowest. But at 85°C, 
the bias current and drift slope will be 64 times 
worse than at room temperature, making the 
FET amplifier a worse choice for high-tempera- 


ture applications than some bipolar transistor - 


types. This is not really a question of specsman- 
ship, but it certainly requires that the user know, 
his way around a spec sheet. 


How much output do you really get? 


An amplifier output rating of +10 volts, +20 
milliamps implies that the user can drive a 500- 
ohm load at the full signal swing of 10 volts, 
20 milliamps. For discrete-component op amps 
this is usually what such specs mean. But, -in- 
tegrated circuit manufacturers seem to have 
different ideas. “Sure you can get 10 volts out- 
put; certainly it will develop 20 milliamps,” they 
say, but they often forget- to add, “so long as 
you don’t ask for them simultaneously.” In fact, 
it is not unusual for an IC amplifier labeled as 
having a +10 V, +5 mA output to have a max- 
imum power rating of only a fraction of the 
product of the VI figures given. 

If an engineer needs an op amp with a rela- 
tively high output, he generally wants to know 
what gain he’s. getting at that current level. If 
20 mA is the amplifier’s full-load rating, it would 
be nice and simple if the manufacturer stated 
the amplifier’s open-loop de gain at this full 
load. Not all manufacturers do. 

The op-amp user should know his amplifier’s 
roll-off curve in order to build a circuit with 
adequate gain stability over the working fre- 
quency range. The manufacturer may be per- 
fectly justfied in departing from the conven- 
tional 6 dB/octave frequency compensation to 
achieve desirable features like fast settling 
time, high slew rate, fast overload recovery, 
or increased gain stability over a wide range of 
frequencies. 

But to obtain these improved features gen- 
erally requires fast roll-off characteristics and 
therefore a propensity toward oscillation. Key 
to preventing instability, of course, is knowing 
that you have this kind of amplifier. You can 
then use one or more well known circuit tech- 
niques to tame the oscillations. 

The great crime occurs when manufacturers 
use fast roll-off compensation to obtain im- 
proved published specs without giving an open- 
loop response curve or some other indication 
of what’s going on. 


Let’s look at common mode, the specs we'd all 
like to forget. 

To many users the common-mode rejection 
ratio of an amplifier is a rather mysterious 
number that they’d like to forget. Many op-amp 
manufacturers feel the same way. In fact, if a 
particular amplifier has a poor common-mode 
spec, some manufacturers thoughtfully omit 
it from the data sheet. 

Low-cost FET amplifiers are the worst cul- 
prits, with typical common-mode rejection ratios 
around 1000. This is exactly the kind of num- 
ber that manufacturers would like to lose. They 
often do. For-a noninverting amplifier circuit, 
the common-mode error is 1/CMRR, which 
works out to 0.1% for an amplifier with CMRR 
of 1000, or 60 dB. Recently, new circuit tricks 
have enabled manufacturers to overcome this 
fundamental limitation of low CMRR, but a 
FET amplifier with ,100,000 CMRR tends to 
cost more than $100. 

Picking a typical CMRR spec from measured 
op-amp data is great sport. The numbers vary 
over an enormous range — from 500:1 to as 
high as 100,000 for FETs — all seemingly at 
random. A reasonable way for a manufacturer 
to select a typical common-mode figure for his 
data sheet is to pick a value that is met by 70 
or 80% of all units of that particular type. 
Some manufacturers, with considerable inge- 
nuity, average all the test numbers to find a 
“typical” value. Tweaking up a few samples 
to get 100,000 CMRR can do great things for 
averages of this kind and can, of course, lead 
to very respectable-looking common-mode re- 
jection figures. 

_ As with drift, an amplifier’s common-mode- 
rejection performance can vary with operating 
conditions, notably with the value of common- 
mode input voltage as we can see in the 
sketch. This leaves room for some really fancy 
footwork. For example, some well known FET 
types boast.a common-mode voltage range of 
+10 volts. But the common-mode rejection 
figures are specified for a +5-V common-mode 
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range. It’s possible for the CMRR to degrade by 
as much as a factor of ten when the applied 
common-mode voltage is raised from 5 to 10 
volts. 
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Another difficulty with CMRR is that, since 
it’s a nonlinear function of:-input common-mode 
voltage, a single spec number can at best give 
an average value over the test-voltage range. 
For small input-signal variation about some 
large common-mode voltage, the specified 
“average” CMRR gives little indication of the 
actual errors you can expect due to the steeper 
error slope at high voltages. 


How full is the full-power response? 


We all know that an amplifier rated at, say, 
10-MHz unity-gain bandwidth, doesn’t give full 
output-voltage swing at this frequency. Invari- 
ably, distortion caused by internal slew-rate 
limiting induces the manufacturer to specify 
the maximum full power frequency several 
decades lower. 

Generally, an amplifier with 10-MHz unity- 
gain bandwidth would have a full-power re- 
sponse of about 1 MHz or maybe as low as 100 
kHz. At the “small signal” unity-gain band- 
width, the achievable output-voltage swing is 
usually related to the swing at the full-power 
bandwidth by the ratio of the full-power re- 
sponse, f,, to the unity-gain bandwidth, f,. Thus, 
for example, you get only a 100-mV swing from 
a 10-V amplifier at unity-gain bandwidth for an 
amplifier with an f, of 100 kHz and an f;, of 10 
MHz. 
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One large problem with full-power-response 

specs is that no one really says what he means 
by the published minimum number. For one 
thing full-power response has nothing to do 
with amplitude vs frequency as the term “re- 
sponse” normally implies. Instead it is a meas- 
ure of output distortion caused by slew-rate 
limiting. + | _ 
_ But there can be monstrous difference de- 
pending on whether you set 1% or 10% as the 
acceptable distortion level. We have evaluated 
some amplifiers where the output looks a 
triangle at the specified full-power response. 
Where do you draw the line on the acceptable 
distortion level? 

Distortion is only one consideration in set- 
ting the criteria for the full-power-response 
spec. A subtle, but very often-more important 
side effect, is de offset error due to rectifica- 
tion. Feedback signals developed by an unsym- 
metrical, distorted output, will not counter- 
balance the input signal at the amplifier’s sum- 
ming junction. So, the error signal is rectified 
by the amplifier’s input stage, generating an 
undesirable offset voltage. 

But how can such application factors be 
reasonably: prevented? Should each data sheet 
be turned into a thesis, or may the manufac- 
turer assume that his customers are already 
aware of the difficulties awaiting them? There 


is no easy answer for either the manufacturer | 


or the customer. 

Slewing rate for the most part is just another 
way of looking at rate limiting of the ampli- 
fier’s circuitry. The slewing-rate specification 
applies to transient response while full-power 
response applies to steady state or continuous 
response. For a step-function input, slewing 
rate tells how fast the output voltage can swing 
from one voltage level to another. Fast ampli- 
fiers will.slew at up to 300 V/s, while ampli- 
fiers designed primarily for dc applications 
often slew at 0.1 V/s or less. 

Maximum slew rate, S, is related to full-power 
response f, by S = 27 fpEo. As the voltage swing 
is reduced below the peak output, #,, the opera- 
ting frequency can be proportionately increased 
beyond f, without exceeding the slewing rate. 
For many amplifiers the slewing rate may differ 
in the inverting and noninverting configurations 
— a fact that is not always apparent from 
published specs. Moreover, there is almost al- 
ways a difference in slewing rate between fall 
time and rise time, and between positive and 
negative output signals. Opportunities for specs- 


49 


Who is Ray Stata? 
A soft-spoken man with a wry sense of humor, 
Ray Stata doesn’t publicly expose the fact that 
he’s a dynamo. He has packed more experience 
in his 83 years than many men twice his age. 
He earned his BS and MS in EE at MIT, then 
worked at MIT’s Instrumentation Lab before 
he went for some industrial experience at HP. 
In 1961, just three years after he obtained his 
MS, he and Matt Lorber started Solid State 
Instruments on a shoestring. They sold that 
company and used the proceeds to start Ana- 
log Devices in January 1965. In just three 


years, they brought the sales level to a $5-mil- 
lion annual rate. 

Ray enjoys writing on op-amp theory and 
applications as much as he enjoys building 
companies. A Boston Symphony enthusiast, he 
retains an active interest in music and in his 
record collection. 

His greatest joy however (and the joy of his 
wife Maria) comes from his four-month-old 
son, Raymond Paul, who has not yet developed 
an interest in operational amplifiers, symphonic 
music or building companies. 
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manship arise here since many possible slopes 
can be measured. 

A recurrent problem in our applications de- 
partment is the irate telephone call from a 
customer claiming that our amplifier does not 
meet its slewing-rate spec. Closer inquiry typi- 
cally shows that the customer is trying to ob- 
tain 100 V/s slew rate with a circuit like this 
one. 
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The problem here is that the inevitable 1 
pF of stray capacitance must be charged by 
the 10-4A signal current. This limits the out- 
put slew rate to 10 V/ps regardless of how 
fast the op amp may be. With an input im- 
pedance of 10 ko or less, the customer would 
obtain the desired 100 V/ys slewing rate. In 
other words, you cannot get fast response from 
an inverting amplifier when using high input 
impedance owing to the slugging effect of stray 
capacitance. 

Settling time is a parameter of increasing 
interest. This spec defines the time required 


for the output to settle within a given percent- 
age of final value in response to a step-func- 
tion input. Common accuracies of interest are 
settling time to 0.1% and 0.01%. Heretofore, 
engineers have been forced to use slewing rate 
and unity-gain bandwidth as rough indicators 
of relative settling-time performance when 
comparing or choosing amplifiers, since no 
other data are given. As it turns out, these 
twe specs have little bearing on settling time, 
particularly to 0.01%. 

Manufacturers now realize this and are 
beginning to publish settling-time figures. The 
hooker here is that settling time is really a 
closed-loop parameter (while all other op-amp 
specs are open-loop parameters), and therefore 
depends on the closed-loop configuration and 
gain. Fortunately, even when published for 
only one gain, usually unity gain, it serves as 
a realistic yardstick for comparing amplifier 
performance. 

The few examples I’ve shown illustrate the 
tremendous difficulties in specifying op-amp 
performance and the many pitfalls confronting 
the user. In the long run the user and manu- 
facturer are on the same side in seeking un- 
ambiguous communications. One needed step 
is for an industry group to establish standards 
on definitions and test circuits. The use of op 
amps is growing very rapidly and this move is 
long overdue. 

There’s one further point that can be most 
important of all. An engineer should bread- 
board his critical circuits instead of relying 
totally on paper designs. Better yet, he should 
contact the applications department of an op- 
amp manufacturer to review his problems. Few 
engineers take advantage of this free service or 
give proper weight to this important aspect of | 
picking a vendor. EEE 
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Operational Amplifier Specifications 
By Ray Stata 


e New Varactor Bridge Op-Amps 
Model 141 Economy FET Op-Amp 
F.E.T. Stabilizes Amplitude of Wien Bridge Oscillator 


Editor's Note; 
© Grounded-load Current Source Uses One Op-Amp 


Measuring the Pinch-Off Voltage of F.E.T.'s 
Worth Reading 


This article is the result of many requests for a definitive 
article discussing the definitions and testing of op- amps. e 
Keep on sending in your requests... we will try to 


fulfill them. 


INCE THERE ARE NO established standards for operational 
S amplifier specifications we shall discuss here the terms used 
by Analog Devices to define operational amplifier characteristics 
as well as the limitations which must be observed in applying 
the published data to actual circuits. Wherever possible we 
show the test circuits used to measure these parameters. 
Although these test circuits are applicable to a wide range of 
operational amplifiers, special amplifiers such as FET, chopper 
stabilized or ultra fast response amplifiers may require changes 
in the recommended circuit values or in some cases different 
test methods to measure their specifications. As a general rule 
the power supply for these measurements should have line and 
load regulation of about 0.1% and ripple should be no more 
than a few millivolts. 


Figure 1 gives a simplified equivalent circuit for an operational 
amplifier showing many of the sources of error which are dis- 
cussed in the text The specifications should be referenced to 
this diagram to predict their effect in a closed loop circuit. For 
a single ended amplifier you would assume that the plus or 
non-inverting input is grounded. 
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Open loo;> gain, A, is defined as the ratio of output voltage to $ } } $ 


error voltage ee between inputs as shown in figure 1. Gain is nA@25°C nA/ec nA/% nA/DAY 
usually specificd only at DC (A,), but in many applications 

such as AC amplifiers the frequency dependence of gain is also 

important. For this reason the typical open loop gain response FIGURE 1. OPERATIONAL AMPLIFIER 

is published for each amplifier. The open loop gain response AUN ASIN OM 


of most amplifiers can be approximated by figure 2. 
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FIGURE 2. TYPICAL OPEN LOOP GAIN RESPONSE 
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FIGURE 3. OPEN LOOP GAIN TEST CIRCUIT 


Open loop gain changes with load impedance (R,), ambient 
temperature and supply voltage. As a rule, open loop gain will 
not change more than a factor of 10 between rated load and 
no load conditions. Most operational amplifiers have a positive 
gain temperature coefficient of about 0.5 to 1%/°C and gain 
changes with supply voltage at about 2%/%. Analog Devices 
specifies all open loop gains at rated load, 25°C and rated 
supply voltages. 


A practical circuit for measuring open loop gain over a range 
of frequencies is shown in figure 3. The voltage divider on the 
negative input boosts the sensitivity of the error voltage by 
100 times which makes it possible to measure gains up to one 
million. At low frequencies open loop gain is constant so that 
DC gain can be measured by a low frequency signal (about 
5Hz). The voltage divider may not be necessary for low gain 
amplifiers (below 20,000) and it is not recommended for mea- 
suring gain at high frequencies where open loop gain is less. 


At very best, noise pick up is a problem for measuring high 
gains and care must be taken to adequately shield the test cir- 
cuit. At high frequencies the amplitude of the output voltage 
must be reduced to avoid exceeding the slewing rate of the 
amplifier. For this reason the output voltage should be adjusted, 
so that e,(peak) <slew rate/w;, where w; is the test frequency. 


SIGNIFICANCE OF OPEN LOOP GAIN 


Operational amplifiers are rarely used open loop. Instead nega- 
tive feedback is used around the amplifier to improve the 
accuracy of the circuit. This introduces a second term, closed 
loop gain (G), which is defined as the gain of the circuit with 
feedback. The simple inverting amplifier in Figure 4 illustrates 
this point. 
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FIGURE 4. CLOSED LOOP CIRCUIT 
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FIGURE 5. DETERMINATION OF LOOP GAIN 


Linearity, gain stability, output impedance and gain accuracy 
are all improved by the amount of feedback. Figure 5 graphi- 
cally illustrates the relation between open loop gain and closed 
loop gain. 


The excess of open loop gain over closed loop gain is called 
loop gain. (Subtraction of dB is equivalent to arithmetic divi- 
sion.) The improvement of open loop performance due to 
feedback is directly proportional to loop gain. As a general 
rule for moderate accuracy, open loop gain should be 100 times 
greater than the closed loop gain at the frequency, or frequen- 
cies, of interest (that is loop gain= 100). For higher accuracy, 
loop gain should be 1000 or more. To illustrate, we recall that 
open loop gain stability for most operational amplifiers is about 
1%/°C. With loop gain of 100, closed loop gain stability 
would be 100 times better or 0.01% /°C. Likewise, closed loop 
output impedance would be 100 times less than open loop 
output impedance with a loop gain of 100. 


RATED OUTPUT VOLTAGE AND CURRENT 


Rated output voltage, E,, is the maximum peak output voltage 
which can be obtained at rated output current before clipping 
or excessive non-linearity occurs. This measurement is made at 
rated power supply voltage; at other supply voltages the output 
will swing to within about 4 volts of the supply voltage. Also 
the output voltage swing will increase somewhat at lower load 
current. Rated output current, I,, is the minimum guaranteed 
value of current at the rated output voltage. Load impedance 
less than E,/I, can be used but E, will decrease, distortion may 
increase and open loop gain will be reduced. Driving large 
capacitance loads at high frequencies will present a low load 
impedance which may then exceed the rated output current. 
Any convenient circuit such as figure 3 or figure 6 can be used 
to measure E, and I,. 


UNITY GAIN SMALL SIGNAL RESPONSE 


Unity gain small signal response, f, is the frequency at which 
the open loop gain becomes unity or zero dB (see figure 2). 
“Small signal” indicates that in general it is not possible to 
obtain large output voltage swing at high frequencies because 
of distortion due to slew rate limiting. Therefore in both mea- 
suring f,; and using the amplifier at high frequencies, the out- 
put voltage swing must be restricted to avoid slew rate limiting. 
This implies that the peak output voltage, e,, for a sinusoidal 
signal at the unity gain frequency, f,, must be less than S/2zf,, 
where S is the slew rate. 


For amplifiers with symmetrical response on each input, f, may 
be measured by either the inverting circuit of figure 6 or the 
non-inverting circuit of the figure 7. Some units such as chop- 
per stabilized amplifiers or wideband amplifiers with feed for- 
ward design have fast response only on the negative input 
which restricts testing and use to the inverting circuit. Remem- 
ber that the closed loop unity gain response of figure 6 will be 
about one half the open loop unity gain response due to the 
loading of the feedback network. Moreover, large values of 
feedback resistance when coupled with stray capacitance may 
reduce the closed loop response and therefore the smallest 
possible value of R, should be used, the limit being set by output 
current capability I,. 


Sometimes f, is called unity gain-bandwidth product which 
implies that open loop gain at other frequencies can be pre- 
dicted from this number. However, gain bandwidth product is 
constant only for amplifiers with 6dB/octave roll off! For fast 
roll off amplifiers, gain bandwidth product increases with gain 
and thus we publish the open loop response curve to give 
typical gain at each frequency. 


FULL POWER RESPONSE 


The large signal and small signal response characteristics of 
operational amplifiers differ substantially due to dynamic non- 
linearities or transient saturation. An amplifier will not respond 
to large signal changes as fast as the small signal bandwidth 
characteristics would predict. The most prominent contributor 
to large signal response limitations is slew rate limiting in 
the output stages. Circuit and transistor capacitances can be 
charged and discharged only so fast due to the limited dynamic 
range of the driving circuits. Transient saturation can also occur 
in the input stages of the amplifier due to overloading the 
input stage or due to common mode voltage slew rate limiting, 
but this is rarely a problem as compared to saturation of the 
output stages. 


Full power response, f,, is the maximum frequency measured 
at unity closed loop gain, for which rated output voltage, +E,, 
can be obtained for a sinusoidal signal at rated load without 
distortion due to slew rate limiting. Note that this specification 
does not relate to “response” in the sense of gain reduction 
with frequency. Instead it refers only to distortion in the output 
signal caused by slew rate limiting. For a sinusoidal signal, the 
maximum slope or rate of voltage change occurs at zero crossing 
and is proportional to the peak amplitude and the frequency. 


Thus we see that to a first approximation slew rate, S, and full 
power response, f,, are related by equation 1. 
de, 

t [max 
As the voltage swing is reduced below rated output, E,, the 
operating frequency can be proportionally increased without 
exceeding the slew rate, S. In the limit the operating frequency 
approaches the unity gain bandwidth, f,, and the corresponding 
voltage signal defines the maximum peak amplitude for “small 
signal” unity gain response. The circuits of figure 6 or figure 7 
can be used to measure full power response depending on 
whether inverting or non-inverting parameters are measured. 
Where dynamic saturation of the output stages is the primary 
cause for slew rate limiting either test circuit will give equiva- 
lent results. For very fast response amplifiers, load capacitance 
and/or capacitance from the output to the negative input will 
cause apparent slew rate limiting and consequent degradation 
of full power response. This is due to saturation of amplifier 
output current in charging these capacitances and therefore 
such capacitances must be low. 


=2nf E.=S (equation 1) 
vf E, 


Output distortion can be measured either by a distortion meter 
on the output or by observing a Lissajon pattern on an oscillo- 
scope. There is no industry wide accepted value for the distor- 
tion level which determines the full power response limitation, 
but a number like 1% to 3% is a reasonable figure. One subtle 
point here is that closed loop output distortion depends on the 
amount of feedback or loop gain and therefore it depends 
on the closed loop gain of the measurement. Full power re- 
sponse is generally measured at unity gain where loop gain is 
the highest. At higher closed loop gains output distortion will 
increase for the same full power response frequency. 


*MAY BE REQUIRED 
TO AVOID PEAKING WITH 
_ SOME AMPLIFIERS. 


s 
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FIGURE 6. INVERTING CIRCUIT FOR 
MEASURING f,, f,, S, T 
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FIGURE 7. NONINVERTING CIRCUIT FOR 
MEASURING f,, f,, S, T, Een 
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In many applications the additional distortion which is caused 
by exceeding the full power response can be comfortably 
ignored. However, a far more serious effect, often overlooked, 
is that a DC offset voltage can be generated when the full power 
response is exceeded due to rectification of the unsymmetrical 
feedback waveform or due to overloading the input stage with 
large distortion signals at the summing junction. 


These more subtle points in measuring full power response as 
well as the attendant side effects suggest the circuit of figure 8 
as more satisfactory test circuit. By viewing the error voltage 
at the summing junction on an oscilloscope, distortion signals 
are more easily detected, signal generator distortion is elimi- 
nated from the measurement and frequency dependent DC 
offset can be readily observed. 


SLEWING RATE 


The origins of slewing rate limitations were discussed in the 
previous section. Slewing rate, S, usually expressed in volts/psec 
defines the maximum rate of change of output voltage for a 
large step change. 


Equation 1 suggests a convenient method to measure slewing 
rate by first measuring full power response, f,, and then calcu- 
lating S. Although this test method yields usable results for 
most amplifiers in most applications, the relationship of equa- 
tion 1 does not apply under all conditions. First, slewing rate 
is a non-linear function of output voltage and equation 1 
measures slewing rate only at zero volts output. This second 
order effect can usually be safely ignored in most applications. 
However, for certain amplifiers, particularly fast response types, 
the slew rate may be higher than that predictable from f,. In 
these cases f, is limited by factors other than slew rate such as 
DC offset errors which are generated by the rectification of 
large high frequency error voltages. 


A more direct method to measure slewing rate is to apply low 


Rj =R-/100 


FIGURE 8. MEASURING FULL POWER RESPONSE 
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frequency square waves (about 100Hz) to the input of figure 
6 or figure 7 which cause full voltage swing at the output and 
to observe the rise time from 10 to 90% on an oscilloscope 
(see figure 9). Small feedback resistors must be used to avoid 
degradation of slewing rate due to stray capacitance. 


In applying operational amplifiers remember that repetitive 
input waveforms whose rise time exceeds the amplifier’s slewing 
rate will generate voltage spikes at the summing junction. 
These spikes are usually unsymmetrical and are also usually 
clipped unsymmetrically by the input circuit of the amplifier — 
either or both of which effects will cause DC offsets at the 
output. 


OVERLOAD RECOVERY 


Overload recovery, 7, defines the time required for the output 
voltage to recover to the rated output voltage E, from a satu- 
rated condition. For this test the circuit of figure 6 or 7 is used 
with an input square wave adjusted to be 50% greater than the 
voltage required to saturate the amplifier output. The square 
wave frequency should be adjusted to about 100Hz and the 
input-output signals should be compared on a dual trace oscillo- 
scope as illustrated in figure 9. 


In some amplifiers the overload recovery will increase for large 
impedances (greater than 5OKQ) in the input circuit, either the 
summing impedance for figure 6 or the source input for figure 
7. Published specifications apply for low impedances and as- 
sume that overload recovery is not degraded by stray capacitance 
in the feedback network. 


Normally, overloaded recovery time runs about one millisecond. 
For the inverting configuration an external clamp circuit can be 
added to improve overload recovery as illustrated in figure 10. 
This circuit prevents the output from saturating and therefore 
circumvents any delays due to overload recovery. The only con- 
straint for proper operation is that input current (¢;/R;) shall 
be approximately less than the rated output current I, minus the 
load current. The clamp circuit cannot be used with the non- 
inverting and differential configurations. 
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FIGURE 9. OVERLOAD RECOVERY AND 
SLEW RATE ILLUSTRATION 


INITIAL OFFSET VOLTAGE 


Offset voltage, e,,, is defined as the voltage required at the 
input from a zero source impedance to zero the output, at any 
temperature, supply voltage and time (see figure 1). Initial 
offset voltage, E,,, defines the offset voltage at 25°C and rated 
supply voltages. In most amplifiers, provisions are made to 
adjust initial offset to zero with an external trim potentiometer. 
Some amplifiers are internally trimmed to guarantee some 
maximum limit on initial offset (usually +1mV) which means 
that in certain applications the external trim pot can be elimi- 
nated. On special order any amplifier from Analog Devices can 
be internally trimmed to +1mV initial offset or less. Initial 
offset can be measured with the circuit of figure 11, where an 
appropriate fixed resistor is substituted for the external trim 
potentiometer. There is a warm up drift of offset voltage 
following the application of power supply voltage and it is 
recommended that you let the amplifier stabilize for at least 15 
minutes before making measurements. 


INITIAL BIAS CURRENT 


Bias current, i,, is defined as the current, at any temperature, 
supply voltage and time, required at either input from an infi- 
nite source impedance to zero the output assuming zero com- 
mon mode voltage. For differential amplifiers bias current is 
designated by i,— for the negative input and by i,+ for the 
positive input. For single ended amplifiers, like chopper stabi- 
lized units, bias current refers to the current at the negative 
input only. 


Initial bias current, I,, is the bias current at either input mea- 
sured at 25°C, rated supply voltages and zero common mode 
voltage. The designation (0,+) or (0,—) indicates that no 
internal compensation is used to reduce initial bias current so 
that the polarity is always known. The sign tells to which 
power supply voltage an external compensating resistor should 
be connected to zero the initial bias current. The designation 
(+) indicates that internal compensation has been used to 
reduce initial bias current and that the residual bias current 
can be of either polarity. In general compensating initial bias 
current has little effect on the bias current temperature coeffici- 
ent. The circuit of figure 11 is used to measure initial bias 
current, 


INITIAL DIFFERENCE CURRENT 


Difference current*, ig, is defined as the difference between the 
bias currents at each input from an infinite source required to 
zero the output assuming zero common mode voltage. The 
input circuitry of differential amplifiers is generally symmetri- 
cal so that bias current at each tends to be equal and tends to 
track with changes in temperature and supply voltage. Usually 
difference current is 3 to 5 times less than bias current at either 
input, assuming that initial bias current is not compensated. 
If the impedance as seen from each input terminal to ground 
is balanced then offset and drift errors are proportional to dif- 
ference current rather than to bias current. In most applica- 
tions, if the external impedances at each input are balanced 
then there is no particular advantage in using an amplifier 
where initial bias current is internally compensated. Initial dif- 
ference current, I,, the difference current measured at 25°C and 
rated supply voltage, can be measured by the circuit of figure 11. 


*Previously called offset current. 
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FIGURE 10. EXTERNAL CLAMP CIRCUIT 
> FOR +10 VOLTS 


TEMPERATURE DRIFT 


Offset voltage, bias current and difference current all change or 
“drift” from their initial values with temperature. By far this 
is the most important source of error in most applications. The 
temperature coefficients of these parameters, /e,,/AT, 
Ain/AT and Ajig/AT are all defined as the average slope 
over a specified temperature range and are determined by sub- 
tracting the offset values at the end points of thé temperature 
range and dividing by the temperature change. In general 
drift is a non-linear function of temperature and the slopes are 
greater at the extremes of temperature than around normal 
room ambient. The temperature drift coefficients are measured 
by the circuit of figure 11. The amplifier is used to boost its 
own low level input offset signal to a conveniently measurable 
voltage at the output. Gain is established by the ratio of R,/Rj. 
The current sampling resistors, R,, must be selected so that 
voltage drift is small compared to the drift due to difference 
current; that is R,X Aig/AT>>Ae,,/AT. Alternatively, 
voltage drift must be subtracted from the data for current drift. 


One problem in using published voltage drift specifications is 
that this data applies only to static temperature conditions where 
the temperature of the module is assumed to be uniform. Volt- 
age offset of most differential amplifiers is quite sensitive to 
thermal gradients, since drift performance depends on the can- 
cellation of large offset in each transistor of the input differen- 
tial pair. Therefore in environments where thermal gradients 
are present voltage offset may exceed that predictable from the 
drift coefficients. In this case where low drift over a narrow 
temperature range is critical, it is good practice to insulate or 
shield the amplifier to assure a uniform temperature. Bias cur- 
rent is not noticeably affected by thermal gradients and dif- 
ference current, while affected, is far less sensitive to gradients 
than voltage offset. 


Bias current and difference current for FET and varactor bridge 
amplifiers double each 10°C and therefore a linearized drift 
coefficient has little meaning except over a narrow operating 
temperature range. 
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FIGURE 11. TEST CIRCUIT FOR OFFSET VOLTAGE, 
BIAS CURRENT AND DIFFERENCE CURRENT 


SUPPLY VOLTAGE SENSITIVITY 


Offset voltage, bias current and difference current will also 
change when supply voltage is varied. Usually errors due to 
this effect are negligible compared to temperature drift. Static 
or DC supply voltage coefficients, Ae./AV:, Air/AV:, 
Aia/ AV, are measured with the circuit in figure 11 by varying 
supply voltages individually by +1 volt. 


There is a common misconception that tracking power supplies 
whose plus and minus voltages change by the same amounts 
will improve supply voltage coupling. In general tracking sup- 
plies are of no benefit since the positive supply voltage coefh- 
cient is usually much larger than the negative supply voltage 
coefficient. Rejection of AC noise and ripple on the power 
supplies is not as good as static or DC rejection, but for almost 
all amplifiers AC rejection will be better than 1mV/V or 60dB 
over a wide range of frequencies. 


DRIFT VS TIME 


Offset voltage, bias current and difference current change with 
time as components age. Static data over long time periods is 
difficult to obtain because of the inherent time delays involved. 
But it is safe to say that the published time drift for amplifiers 
does not accumulate linearly. For example, voltage drift for a 
chopper stabilized amplifier (which by the way is by far the 
best amplifier type for long term stability) is usually quoted 
as 14V/day whereas cumulative drift over 30 days will usually 
not exceed 5uV nor 15pV in a year. 


Long term voltage drift in differential input type amplifiers 
depends primarily on the aging of collector resistors in the 
input differential pair. The aging coefficient referred to the 
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input is about 300unV/% change of collector resistance. It is 
not unlikely that carbon composition resistors will age by 1 or 
2% over a year resulting in an offset voltage change of 300 to 
600,V. The use of metal film resistors for the collector resistors 
will greatly improve long term stability to the point where 
base to emitter voltage aging is the determining factor. With 
metal film resistors, offset voltage for transistor amplifiers is 
about 100uV/year while FET amplifiers will age somewhat 
more, 


Long term bias current stability in differential input amplifiers 
again depends on resistor stability when internal initial current 
compensation is employed. In this case, multi-megohm carbon 
composition resistors are used (since large value metal film 
resistors are not available) to supply about 90% of the base 
bias current. If these resistors change by 1%, the specified 
initial bias current will change by about 9% which can be a 
substantial drift. Therefore one can conclude that amplifiers 
without internal initial current compensation will exhibit more 
stable bias current. Under these conditions long term bias cur- 
rent stability depends primarily on the stability of the transistor 
or FET devices which may be better than 1%. 


INPUT IMPEDANCE 


Differential input impedance, Rg, is defined as the impedance 
between the two input terminals, measured at 25°C, assuming 
that the error voltage, ee, is nulled or very near zero volts (see 
figure 1). For a single ended amplifier, Rg, is the input imped- 
ance since the plus input is grounded. To a first approximation, 
dynamic impedance can be represented by a capacitor, Cy, in 
parallel with Rg. 


Differential input impedance is among the most difficult para- 
meters to measure particularly for a high gain, high impedance 
type amplifier. In general this measurement can only be made 
under laboratory conditions by an experienced engineer with 
special fixtures to shield against noise pick up. For this reason 
most companies including Analog Devices rarely measure this 
parameter on a production line basis. Fortunately a precise 
knowledge of Rg is not required, since for most circuits, so 
long as Rg is large compared to the external feedback imped- 
ance, its value has little bearing on closed loop performance. 


The circuits of figure 12 show in principle how Rg can be mea- 
sured with enough attention to reducing noise. These circuits 
actually measure Rg in parallel with the negative input common 
mode impedance. However, common mode impedance is usually 
10 to 100 times greater than R, so that the error is negligible. 


Common mode impedance, R,,, is defined as the impedance 
between each input and ground or power supply common and 
is specified at 25°C. (See figure 1.) For most circuits common 
mode impedance on the negative input, R.,.~, has little signifi- 
cance except for the capacitance which it adds to the summing 
junction. However, common mode impedance on the plus 
input, R.,,+, sets the upper limit on closed loop input imped- 
ance for the non-inverting configuration. Dynamic impedance 
can be represented by a capacitor, C.,, in parallel with R., 
which usually runs from 5 to 25 pf on the plus input. 


The circuit of figure 13 can be used to measure R,,,+ up to 
about 500M ohms. Use an oscillator frequency of 1 to 5Hz 


and adjust R, for 10% reduction at the output. Then 
Rem + =9R,. Above this impedance it is advisable to substitute 
a picoameter for the resistor R, and to measure DC bias cur- 
rent as a function of common mode voltage. 


Common mode impedance is a non-linear function of both 
temperature and common mode voltage. For FET amplifiers 
common mode impedance is reduced by a factor of two for each 
10°C temperature rise. 


As a function of common mode voltage, R., is defined as 
average impedance for a common mode voltage change from 
zero to +E,,,, that is, maximum common mode voltage. Incre- 
mental R.,, about some large common mode voltage may be 
considerably less than the specified average R.,, especially for 
FET input amplifiers. 


MAXIMUM VOLTAGE BETWEEN INPUTS 


Under most operating conditions, feedback maintains the error 
voltage, ee, between inputs very near to zero volts. However, 
in some applications, such as voltage comparators, or where 
the input voltage exceeds the level required to saturate the out- 
put, the voltage between inputs can become large. E, defines 
the maximum voltage which can be applied between inputs 
without causing permanent damage to the amplifier. Placing 
parallel back to back diodes across the input terminals is one 
way to provide added protection for the amplifier. 


MAXIMUM COMMON MODE VOLTAGE 


For differential input amplifiers, the voltage at both inputs can 
be raised above ground potential. Common mode voltage, ¢cn, 
is defined as the voltage above ground at each input when both 
inputs are at the same voltage. E.,, is defined as the maximum 
peak common mode voltage at the input before clipping or 
excessive non-linearity is seen at the output. E,,, establishes the 
maximum input voltage for the voltage follower connection. 
(See figure 7.) 


SET e; FOR | TOS Hz, INCREASE Rg UNTIL OPENING S, 
INCREASE e, BY FACTOR OF 2. THEN Rsg=Rq 


E., is measured with the circuit of figure 7 by increasing the 
peak input voltage (sinusoidal waveform) until distortion is 
seen on the scope (about 1 to 3%). The input signal frequency 
must be well below the full power response frequency, f,, for 
the non-inverting input. 


COMMON MODE REJECTION 


An ideal operational amplifier responds only to the difference 
voltage between inputs (e+—e-) and produces no output 
for a common mode voltage — that is when both inputs are at 
the same potential. However, due to slightly different gains 
between the plus and minus inputs, common mode input volt- 
ages are not entirely substracted at the output. If we refer the 
output common mode error voltage to the input (dividing by 
gain) and call this the input common mode error voltage,ee.m, 
then common mode rejection (CMR) is defined as the ratio 
of common mode voltage to common mode error voltage. That 
is CMR=€.n/€ecm. CMR is sometimes expressed in dB in 
which case you take 20 times the log (base 10) of the ratio. 
Errors due to common mode rejection can be represented in 
the equivalent circuit of figure 1 by a voltage generator, €ecn, 
in series with the input. Note that common mode error goes 
to zero when either input is grounded. Therefore the inverting 
configuration does not exhibit a common mode error since the 
plus input is grounded. Thus CMR is only a problem in the 
non-inverting and differential configurations where common 
mode voltage varies in direct proportion to the input signal. 
In this case ee,, is a basic measuring error which affects the 
overall circuit accuracy. 


For example, if a 10 volt signal, e,, were applied to the input 
of the circuit in Figure 14 common mode voltage, e.,, is equal 
to the input voltage, e;. This would cause a common mode 
voltage, eecm, Of 2mV for an amplifier with 5,000 or 74dB 
CMR and thus 20.02% measuring error. 
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FIGURE 12. DIFFERENTIAL IMPEDANCE TEST CIRCUITS 
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FIGURE 15. CM ERROR VS CM VOLTAGE 
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Operational Integrators 


By RAY STATA, Vice President and Co-founder Analog Devices, Inc. 


Modern solid state operational amplifiers make remarkably good integrators. Almost 
any degree of accuracy can be achieved depending on the choice of the amplifier and 
the feedback capacitor. A great deal of literature existst which discusses integrator error 
in analog computers and this subject will not be covered here. But we shall review the 
non-ideal characteristics of operational amplifiers (and to some extent capacitors) which 
limit the performance of integrators in instrumentation circuits. This we hope will help 
the reader make a better choice of amplifiers for his particular application. 


¢Xorn and Korn, Electronic Analog and Hybrid Computers — MeGraw Hill, 


An ideal operational! amplifier for integrator applica- 
tions would have infinite open loop gain and input 
impedance and zero offset voltage and current (that 
is, 62 =0, when e,=0). For this case, Figure 1 shows 
the characteristics of an ideal integrator. 
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Figure 1. Ideal Operational Integrator 


The gain (or characteristics time) of the circuit is 
given by 1/RC, which is to say that the output will 
change by (1/RC) volts/sec for each volt of input 
signal. The input impedance as viewed from the 
source voltage, e., is determined by the value for R. 


OFFSET AND DRIFT ERRORS 

By far the greatest source of error in integrators is 
due to offset and drift of the amplifier. An equivalent 
circuit is given in Figure 2 from which we can 
predict the errors due to offset. For the moment we 
shall assume that open loop gain, A, and open loop 
input impedance, Rg, are infinite. 


¢ 


Figure 2. Equivalent Circuit for Integrator 
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As shown the offset voltage, @o, and the offset cur- 
rent, fos, can be calculated for any temperature, sup- 
ply voltage and time period from the drift coefficients 
of the amplifier. {t is usually possible to adjust the 
initial offset voltage and current, Eos and le, to zero 
by some biasing network. 


The simplest way to analyze offset errors is to refer 
them to the source voltage as shown in Figure 3. In 
this case offset current is multiplied by R and 
becomes a voltage source. When viewed at the 


Figure 3. Offsets Referred to the Input 


input, the offsets cannot be distinguished from 
the input signal and hence introduce a basic error 
in the integration of the signal. The percentage error 
would be, % error=(eut+ ick) 1000/8, where 6, is 
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the time average of the input signal over the integra- 
tion period. Notice that R should be as small as 
possible 10 minimize offset errors for a given ampli- 
fier. But remember that R also sets the input 
impedance for the integrator. 


When referred to the input, the analysis of offset 
errors is not much different for an integrator than 
for an inverting OC amplifier. More detailed infor- 
mation is given on this subject in an Analog Devices’ 
application note entitled “Part IV, Offset and Drift 
in Operational Amplifiers.” 


In some applications it is necessary to refer the off- 
set error to the output in order to derive meaningful 
results, In this case the output error is a drift rate 
which is given by, 

de. = Ger + Rios = 


Cor 1 les 


Again, we see that output drift rate is minimized by 

using the smallest value for R and the largest value 

tor C. This follows since the drift rate due to offset 

voltage is fixed by the gain of the circuit (1/RC) 

whereas the drift rate due to offset current is reduced 

by using a larger C. 

The practical limits on the choice of R and C are 

as follows: 

1. Source impedance sets a minimum value on 
input impedance which is equal to R. 

2. The physical size, price and quality are all serious 
problems in using large value capacitors particu- 
larly when greater than 1 to 5af. 


For differential input amplifiers, the error due to off- 
set current is generally reduced by balancing the 
impedance as seen from each input to ground. For 
the circuit in Figure 3 this would amount to inserting 
a resistor fram the plus input to ground equal to R. 
Due to the input symmetry of a differential ampli- 
fier, offset Current at each input tends to be equal 
and tends to track with temperature and thus the 
drift error is reduced by balancing impedances. 


ERRORS DUE TO FINITE GAIN, 

INPUT IMPEDANCE AND BANDWIDTH 

The open loop gain response for most operational 
amplifiers can be represented by the graph in Figure 
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Figure 4. Typical Open Loop Gain Response 


Page 7 


4. If we go back to Figure 2 and assume that the 
amplifier has to gain response of Figure 4 and an 
open loop input impedance, Ra, then the exact 
expression for integrator gain would be: 


eo(s) | —1 1 
e,(s) RCs 12 1+T.s (1+ 1 
Ae RCs 
=—=—o”’ et ie ae 
ideal error due to finite gain 
and bandwidth (1) 


where Rp=RuR/Ra +R (parallel sum) 


Equation (1) can be simplified if we assume that 
Ao> > 1 (a very safe bet): 


els) | —1 7 
e.(s) RCs $ 
++ 
wy AoRpCs (2) 


forA,> >1 


where « =Ad/Te is the amplifier 
unity gain bandwidth. 


HIGH FREQUENCY ERRORS 

DUE TO FINITE BANDWIDTH 

Finite amplifier bandwidth imposes some limitation 
on the ability of the integrator to respond to instan- 
taneous input changes. The transient behavior at 
t=o can be predicted by examining the behavior of 
equation (2) at high frequencies. In this case equation 
(2) becomes: 


e(s) 1 ( 1 
ets) RCs \ 1+ s/u 


} fors>> 
AoRpC 


(3) 


This is the equation for an ideal integrator except for 
a time lag which is inversely proportional to the 
unity gain bandwidth, w:. To illustrate the error due 
to finite bandwidth, consider the response of (3) to 
a step function input as given by (4) and Figure 5. 


eo(t) Fer] for e,(t)= — pw -.(D 
(4) 


ACTUAL 


Figure 5. Step Response of Integrator at t =o 


OPERATIONAL INTERGRATORS, Continued. 


Note that the time lag depends only on amplifier 
open loop bandwidth, », and is independent of the 
values for R and C. 


LOW FREQUENCY ERRORS 
DUE TO FINITE GAIN 


The behavior of an integrator over long time periods 
can be predicted by the low frequency response of 
the circuit. In this case, where s<<o,1, equation 
(2) becomes: 


eo(s)_ | —1 1 = 
€,(s) RCs 1+ 1 
AdRsCs 


Insight is gained into the operation of integrators at 
low frequencies by realizing that (5) is equivalent to 
the response of an ideal integrator with an infinite 
gain and input impedance amplifier, but with a feed- 
back resistor AoRp in parallel with the feedback 
capacitor as shown in Figure 6. 


AoRp 


Figure 6. Integrator Low Frequency Equivalent Circuit 


To illustrate more clearly the effect of low frequency 
errors, consider the response of (5) to a step function 
input as given by (6) and Figure 7. 


ep(t) = at — eVAckec) for a(t) = —e-1(t) 
Expanding (6) into a power series we have: _(6) 
t ? 

a t = = —— 
eof) RE 2AAIRAC) (RO) 


The first term in this series is the response for an 
ideal integrator, while the second term is the prin- 
ciple error component which grows as the square 
of time. 

In summary low frequency integrator errors are 
inversely proportional to finite open loop voltage 


— eg(t) 


t 


—— ge elt) 


Figure 7, Step Response Showing Low Frequency Error 
Due to Finite Gain 


gain. This follows from the fact that with finite gain 
the error voltage is not zero, as usually assumed, 
which tends to reduce input current as the 
output grows. 


INTEGRATOR HOLDS ERRORS 


One important use of integrator circuits is to pre- 
cisely remember or hold a voltage potential. Finite 
amplifier gain causes a fixed integrator output voltage 
to droop. 

Intuitively it is apparent from Figure 6 that the effec- 
tive leakage resistance, A.Rp, due to finite voltage 
gain and input impedance tends to discharge any 
fixed voltage stored across the feedback capacitor. 

To develop a quantitative expression for this error, 
assume that the circuit in Figure 6 has the initial 
condition e(o)=E. and that e,=o. In this case, the 
output voltage is simply: 


e.(t) = Fe —VAoRNC 


By expansion this becomes: 


t ? 
ot) =E.— Eo —_ - ——_..+ 
4 Lat DAR) 


(7) 


The first iter of (7) is the output of an ideal integra- 
tor, while the terms in the brackets represent the 
errors due to finite gain. Figure 8 shows integrator 
hold error. 


ACTUAL 


Figure 8. Integrator Hold Error 
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It is interesting to note that minimum error is 
obtained in hold operation when the input resistor 
is open circuited rather than short circuited. In this 
case the equivalent circuit is shown in Figure 9. 


Ao Ry 


Ore] ° 


alt 2 Ege” MORAG # Jat! + og 
Figure 9. Hold Circuit with input Open 


Note that the equivalent feedback leakage resistor is 
determined only by the open loop input impedance 
and gain (ARs). Further, the output drift rate is 
determined only by the offset current. Voltage offset 
appears at the output as a fixed offset. 


FEEDBACK CAPACITOR 

The performance of operational amplifiers have now 
reached the point where the quality of the feedback 
capacitor can limit the accuracy in the most precise 


Metalized 
Mylar 


Dielectric 


Mylar 


Temperature Range 


Hi Temp (°C) +1425 +125 

Lo Temp (°C) —65 — 65 
Temperature Coefficient 

—65°C to 25°C (%) —6 —-6 

25°C to Hi Temp (%) +12 +12 
Dielectric Absorption 

% @ 25°C 0.1 0.1 
Dissipation Factor 

@25°C (%) 0.3 0.5 

@ Hi Temp (%) 1.2 17 
Insulation Resistance 

@ 25°C (MQ-xf) 2x10 5x104 

@ Hi Temp (MQ-pf) 3x10? 1x10? 
Approximate Size for 50Vdc 

cubic inch/uf (uncased) 12 0.06 


Poly- Poly- 
carbonate 


applications. Therefore a brief discussion of capaci- 
tor limitations will be helpful in precise integrator 
design. 


The chart in Figure 10 shows the salient character- 
istics for various types of high quality capacitors. 
This data was compiled with the assistance of South- 
ern Electronics Corporation, Burbank, California, a 
capacitor manufacture who specializes in high 
quality capacitors for integrator applications. An 
application note from this company entitled 
“Capacitor Talk’ gives more information on the 
interpretation of capacitor specifications. 


In analog computers where scale factor accuracy is 
important it is common practice to enclose the feed- 
back capacitor in a temperature controlled oven. 
In this case long term stability of capacitance value 
for polystyrene and mylar capacitors is about 0.1% 
per year. 


Insulation Resistance — One important limitation for 
integrator Capacitors is insulation or leakage resist- 
ance. The specification used to define this limitation 
usually is expressed in megohms - microfarads, which 
is equivalent to the time in seconds for a fixed volt- 
age stored on the capacitor to discharge to 63% of 
its initial value. As a general rule the maximum insu- 
lation resistance is about two times the value for a 
one microfarad capacitor, which establishes the limit 
for insulation resistance of small capacitor values. 


Metalized 
Metalized 
Teflon 


carbonate | Polystyrene 


+125 +7425 +85 +200 +200 
—65 —65 —65 —65 —65 
—1.5 15 +0.9 +1.9 + 0.5 
0.5 +05 —0.6 —3.7 —1.0 
05 05 02 .O1 02 
0.1 0.2 0.02 0.01 0.1 
0.07 0.6 0.04 0.02 0.2 
4x10° 2x105 1x10 x10® 5x105 
1.5x103 15x10? 7x104 1x105 2.5x104 
19 0.09 44 1.1 0.39 


Figure 10. Comparison of Capacitor Specifications 
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OPERATIONAL INTERGRATORS, Continued. 


The effect of insulation resistance can be represented 
in Figures 6 and 9 as another resistance in parallel 
with AoRp or AoRu and the issuing equations are modi- 
fied accordingly. The insulation resistance of the very 
best capacitors is about 10’ ohms. By comparison a 
chopper stabilized operational amplifier will have 
open loop input impedance, Ra, of 106 ohms and 
open loop gain, Ao, of 108 giving an equivalent resist- 
ance of 10", Even an inexpensive differential ampli- 
fier will have equivalent leakage resistance of 10" to 
10" ohms, Thus we see that the capacitor and not 
the amplifier usually sets the limit on performance 
in this regard. 


Dielectric Absorption — One of the single most im- 
portant dynamic errors of integration is due to 
dielectric absorption. This error results from the fact 
that when a capacitor is charged or discharged not 
all of the dielectric polarization takes place immedi- 
ately. Consequently there can be an appreciable re- 
sidual voltage with a relatively long time constant. 
The specification given for this parameter is the re- 
sidual voltage expressed as a percentage of the ap- 
plied voltage measured approximately one second 
after the capacitor is discharged. Polystyrene and tef- 
lon are mostly used for precision integrators since 
these materials have small but measurable errors due 
to dielectric absorption. For additional information 
on analyzing this source of error you should refer to 
“An Analysis of Certain Errors in Electronic Differen- 
tial Analyzers I1—Capacitor Dielectric Absorption,” 
P. C. Dow, IRE Trans. on Electronic Computers, Vol. 
EC-7, pp.17-22, March, 1958. 


Dissipation Factor, which is related to dielectric ab- 
sorption, can be termed the sum total of all the 
losses in the capacitor and is expressed as the per- 
centage ratio of the effective series resistance to the 
reactive capacitance,or as the tangent of the loss 
angle. Dissipation factor is important in AC integra- 
tors or in analog computers where repetitive integra- 
tion is performed. 


LEAKAGE RESISTANCE 

In the highest performance integrators, leakage 
resistance to the summing junction or across the 
feedback capacitor can play a large role in the 
attainable performance. It is extremely important to 
shield the summing junction and its leads from leak- 
age paths to potentials other than ground. For 
example, offset current, which is one of the princi- 
ple limitations to good integrator performance, in a 
good chopper amplifier is about 10—-" amps. The 
insulation resistance required to keep the leakage 
current from the 15VDC supply voltage less than 
10-"' amp would have to be greater than one mil- 


lion megohms. The insulation resistance of most 
wire and connectors fall short of this requirement. 
However, by properly shielding the summing junc- 
tion and its leads, leakage currents from active 
sources are shunted to ground, effectively creating 
extremely high insulation resistance from these po- 
tentials to the summing junction. 


By the same token leakage resistance of the clamp- 
ing circuits across the feedback capacitor used to 
reset the integrator should not be overlooked when 
calculating the effective leakage of a feedback ca- 
pacitor. For example, the leakage resistance of a 
computer grade capacitor is typically 10’ ohms, 
which may be negligible compared to the leakage 
resistance of a relay or a solid state switch. 


AC INTEGRATORS 

In some applications it may be desirable to integrate 
AC signals over a reasonably long time and it may 
not be possible to reset the output to zero periodic- 
ally. In this case the DC offset problem can be allevi- 
ated in part by bounding the DC closed loop gain as 
shown in Figure 17. 


Figure 11. AC Integrator 


The closed loop response for this circuit is shown in 
Figure 72. 


For frequencies greater than 1/R.C the response ap- 
proaches that of an ideal integrator with gain of 
T/RiC. For example, for signal frequencies, o, a 
decade away from the corner frequency, 1/RzC, the 
gain error is only 5%. 


The advantage of bounding the DC gain with R, is 
that the amplifier output will not drift into satura- 
tion. Instead the output will assume a DC value of 
Go = RAR, (Co FH Rios), This output will limit the 
dynamic range for AC output signals; but, by choos- 
ing an amplifier with sufficiently low offsets, satis- 
factory operation can be obtained for many AC inte- 
grator applications. 
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Figure 12. Gain Response for AC Integrator 


For integration of very low frequency AC signals, the 
DC gain requirements of the previous circuit are so 
large as to cause saturation of the output. In this 
case the following circuit allows the DC gain to be 
reduced. 


The lowest frequency which can be accurately inte- 
grated is limited by the size for GC: The general ex- 
pression for the corner frequencies , and w are 
rather complex and as a practical matter can only be 
determined by trial and error calculations. The low- 
est signal frequency, o, should be at least ten times 
greater than oz. 


R2 R3 


0 &> 


' 
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Figure 13. Low Frequency AC Integrator 
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OPEN LOOP GAIN 


Open loop gain, A, is defined as the ratio of output 
voltage to error voltage between inputs as shown in 
Figure 1. Usually gain is specified only at DC, but in 


e & 


RL (RATED LOAD) 


Figure 1. Definition of Open Loop Gain 


many applications such as AC amplifiers the fre- 
quency dependence of gain is also important. Open 
loop gain changes with load impedance (Ri), ambi- 
ent temperature and supply voltage. As a rule, open 
loop gain will not change more than a factor of 10 
between rated load and no load conditions. Most 
operational amplifiers have a positive gain tempera- 
ture coefficient of about 0.5 to 1%/°C and gain 
changes with supply voltage at about 2%/%. Analog 
Devices specifies all open loop gains at rated load, 
25°C and rated supply voltages. 


TEST CIRCUIT 

A practical circuit for measuring open loop gain over 
a range of frequencies is shown in Figure 2. The 
voltage divider on the negative input boosts the sen- 


SCOPE 


(Ole) 


20-100 pt 


Figure 2. Open Loop Gain Test Circuit 


sitivity of the error voltage by 100 times which 
makes it possible to measure gains of several mil- 
lion. At low frequencies open loop gain is constant 
so that DC gain can be measured by a low frequency 
signal (about 5Hz). The voltage divider may not be 
necessary for low gain amplifiers (below 20,000) and 
it is not recommended for measuring gain at high 
frequencies where open loop gain is less. At very 
best, noise pickup is a problem for measuring high 


GLOSSARNS OE 


OPEN LOOP GAIN 


Open loop gain, A, is defined as the ratio of output 
voltage to error voltage between inputs as shown in 
Figure 1. Usuaily gain is specified only at DC, but in 
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Figure 1. Definition of Open Loop Gain 


many applications such as AC amplifiers the fre- 
quency dependence of gain is also important. Open 
loop gain changes with load impedance (Ri), ambi- 
ent temperature and supply voltage. As a rule, open 
loop gain will not change more than a factor of 10 
between rated load and no load conditions. Most 
operational amplifiers have a positive gain tempera- 
ture coefficient of about 0.5 to 1%/°C and gain 
changes with supply voltage at about 2%/%. Analog 
Devices specifies all open loop gains at rated load, 
25°C and rated supply voltages. 


TEST CIRCUIT 


A practical circuit for measuring open loop gain over 
a range of frequencies is shown in Figure 2. The 
voltage divider on the negative input boosts the sen- 


SCOPE 


20-t00pt 


Figure 2. Open Loop Gain Test Circuit 


sitivity of the error voltage by 100 times which 
makes it possible to measure gains of several mil- 
lion. At low frequencies open loop gain is constant 
so that DC gain can be measured by a low frequency 
signal (about 5Hz). The voltage divider may not be 
necessary for low gain amplifiers (below 20,000) and 
it is not recommended for measuring gain at high 
frequencies where open loop gain is less. At very 
best, noise pickup is a problem for measuring high 


DEFINITIONS 


gains and care must be taken to adequately shield 
the test circuit. 


At high frequencies the amplitude of the output 
voltage must be reduced to avoid exceeding the 
slewing rate of the amplifier. For this reason the 
output voltage should be adjusted, so that e. (peak) 
< Slew Rate/ui. 


SIGNIFICANCE OF GAIN 

Operational amplifiers are rarely used open loop. 
Instead negative feedback is used around the ampli- 
fier to improve the accuracy of the circuit. This in- 
troduces a second term, closed loop gain (G), which 
is defined as the gain of the circuit with feedback. 
The simple inverting amplifier in Figure 3 illustrates 
this point. 


Atg 


OPEN LOOP GAIN (a)s Be, 


ty 
Ae; 


CLOSED LOOP GAIN (G) = 
Figure 3. Closed Loop Circuit 


Linearity, gain stability, output impedance and gain 
accuracy are all improved by the amount of feed- 
back. Figure 4 graphically illustrates the relation be- 
tween open loop gain and closed loop gain. 


LOOP GAIN 


OPEN LOOP GAIN 


em CLOSED LOOP GAIN 


Figure 4. Determination of Loop Gain 


The excess of open loop gain over closed loop gain 
is called loop gain.(Subtraction of dB is equivalent 
to arithmetic division.) The improvement of open 
loop performance due to feedback is directly pro- 
portional to loop gain. As a general rule for moder- 
ate accuracy, open loop gain should be 100 times 
greater than the closed loop gain at the frequency, 
or frequencies, of interest (that is loop gain = 100). 
For higher accuracy, loop gain should be 1000 or 
more. To illustrate, we recall that open Joop gain 
Stability for most operational amplifiers is about 
1%/°C. With loop gain of 100, closed loop gain sta- 
bility would be 100 times better or 0.01%/°C. Like- 
wise, closed loop output impedance would be 100 
times less than open loop output impedance with a 
loop gain of 100. 


URC wg IARC 


Figure 12. Gain Response for AC Integrator 


For integration of very low frequency AC signals, the 
DC gain requirements of the previous circuit are so 
large as to cause saturation of the output. In this 
case the following circuit allows the DC gain to be 
reduced, 


The lowest frequency which can be accurately inte- 
grated is limited by the size for G:. The general ex- 
pression for the corner frequencies » and #: are 
rather complex and as a practical matter can only be 
determined by trial and error calculations. The low- 
est signal frequency, »,, should be at least ten times 
greater than o2. 
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Figure 13. Low Frequency AC Integrator 
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Model 111 
Universal 

Amplifier: 
$13 Singly, 
$9.75 In 1000 Lots 


You can stock a bunch of Model 111 amplifiers 
in the corner of a desk drawer . . . just like 
you keep assorted transistors for breadboarding 
purposes. 


The complete amplifier puts you hours ahead 
in breadboard design, compared with design- 
ing from the ground up. At $13, Model 111 
costs less than just one hour of your design 
time. But it gives you a complete circuit ready 
to play. 

SPECIFICATIONS 
Voltage Drift, max. 20pV/°C 
Bias Current, max, 200nA @ 25°C 
Bias Current Drift, max. 2nA/PC 
Input Impedance 200 kilohms & 50 megohms 


Bandwidth 1.5MHz 

Full Power Response, min. 20kHz 

DC Gain, min. 15,000 

Output Rating, min. *10V @ 2.5mA 


Price (1-9) $13 


Model 114A/B/C 
High Gain, 
Excellent Stability, 
10mA Output, 
for Only $35 


Performance that would have cost $80 one 
year ago now comes in a ¥%4 cu,-inch module 
costing only $35. Model 114 develops 10mA 
output, combines excellent drift, gain, response 
and impedance specs in one general purpose 
package. 


SPECIFICATIONS 
Voltage Drift, max. 15pV/°C, 10pViPC & SuV/PC 
(Models A, B & C) 
Bias Current, max. 2nA @ 25°C 


Bias Current Drift, max. 0.2nA/°C : 
Input Impedance 4 megohms & 500 megohms 


Bandwidth 0.5MHz 

DC Gain, min. 5 x 105 

Output Rating, min. =10V @ 10mA 

Price (1-9) $35 (A), $40 (B), $45 (C) 
ANALOG 


221 FIFTH STREET 
CAMBRIOGE, MASSACHUSETTS 
617-492-6000 
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A115 page manual which every op amp user should 
own. About one third of the book is devoted to 
op amp theary while the balance gives a valuable 
assortment of typical op amp circuits. 


A good basic intraduction to op amp theory for the 
beginner plus a liberal collection of typical circuits. 
(84 pages) 


An elementary treatment of op amps in active filter 
circuits. (104 pages) 


A lengthy treatment of op amp theory with applica- 
tions slanted towards linear integrated circuits of 
RCA origin. (240 pages) 


A three part series with greater depth in the discus- 
sion of op amp theory than is found in most publica- 
tions. Part | analyzes the sources of error resulting 
from non-ideal characteristics of op amps. Part Il 
discusses advantages and disadvantages of the three 
basic op amp configurations. Part IV goes into 
detailed discussion of the greatest source of error in 


op amps — offset and drift. (22 pages) 


Discussion of circuits used for measuring op amp 
characteristics such as open loop gain, frequency 
response, drift and input impedance. (7 pages) 


Brief discussion of advantages of fast roll off ampli- 
fiers in fast response applications as well as tech- 
niques for beating the stability problems. (11 pages) 


A good treatment of test and measurement circuits 
for op amps. (22 pages) 


Discusses advantages to be gained by using a float- 
ing power supply in op amp circuits particularly 


with chopper stabilized amplifiers. (6 pages) 


A thorough treatment of configurations for obtaining 
differential amplification from op amps. (11 pages) 


A magazine survey article on what's available in 
integrated circuit op amps. (S pages) 


A goad starting point for analyzing noise in differen- 
tiators. Noise transfer function given for a variety of 
circuit configurations. (3 pages) 


Exact equations are given for the effects of source 
and load impedance in op arnp circuits. Article can 
save you a great deal of laborious effort in 
derivations. (8 pages) 


A textbook mainly on analog computers, but with a 
great deal of useful information on op amp Circuits. 
(584 pages) 
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1.0 INTRODUCTION 


1.1 Description 

Analog Devices ' 200 Series chopper stabilized amplifiers 
utilize a low frequency AC amplifier, modulator, and de- 
modulator to improve the drift characteristics of a conven- 
tional differential operational amplifier while retaining the 
wideband characteristics of the unstabilized amplifier (with 
the exception of differential inputs). The modulator (chop- 
per) anddemodulator are completely solid state, driven by 
an internal solid state chopper drive. A high speed over- 
load recovery circuit is included as standard on all ampli- 
fiers. Outputs are completely short circuit protected. 


The philosophy of operation consists of dividing the in- 
coming frequency spectrum into two parts, such that all 
frequencies above a few cycles per second are amplified 
in a conventional manner by the main channel, while the 
very low frequency input signals are chopped, amplified 
by an AC amplifier, and demodulated before being applied 
to the main channel of the amplifier. This effectively di- 
vides the drift of the main channel amplifier (referred to 
the input ) by the gain of the chopper amplifier, with the 
result that the predominant contributions to drift are those 
of the low level modulator. 


INTERNAL 
HIGHSPEED 
OVERLOAD 
RECOVERY 


FIGURE I- CHOPPER STABILIZED AMPLIFIER 
BLOCK DIAGRAM 


1.2 Basic Operation 

The block diagram is shown in figure 1. DC and very low 
frequency components of the input signal are directed by 
a low pass filter to the chopper, are chopped, amplified, 


ANALOG DEVICES, INC. 221 FIFTH STREET CAMBRIDGE, MASS. 02142 617/492-6000 


APPLICATIONS MANUAL 
Models 201, 202, 203 & 210 


Chopper Stabilized Operational Amplifiers 


Ray Stata. Vice President 
Analog Devices. Inc., Cambridge, Mass. 
1967 


demodulated, filtered and applied to one input of the main 
channel. Higher frequency input signals are routed by the 
high pass filter directly to the main channel. The two 
frequency spectrums are re-combined by summing at the 
different inputs of the main channel. Proper phase rela- 
tionship of the low frequency signals is accomplished by 
a phase reversal through the AC section and then by a 
second phase reversal via the (+) input of the main chan- 
nel to be in phase with the higher frequency components 
applied directly to the (-) input of the main channel. 


1.3 Chopper Stabilized vs. Differential Op Amps 

With recent improvements in unstabilized operational amp- 
lifiers, a discussion of the advantages of chopper stabil- 
ized amplifiers may be of value. Voltage drift of unstabil- 
ized units is available to 3n,V/°C and reported to be poss- 
ible to less than 1pV/°C. This does not compare badly 
with drifts of 0.2y~V/°C to 1.0yV/°C for stabilized ampli- 
fiers. However, offset current and current drift are much 
better in stabilized amplifiers; 50pA and .SpA/°C versus 
1nA and 50pA/°C and only over a limited temperature range 
at that for unstabilized amplifiers. 


Less obvious advantages of stabilized amplifiers are the 
short time required for warm up to within specifications, 
and the immunity to thermal gradients. Differential amp- 
lifiers have a warm up period of about 20 minutes, during 
which time initial offset voltage may change by several 
hundred microvolts. There is also great senSitivity to ex- 
ternally generated thermal gradients andin some cases in- 
ternally generated gradients due to changing load condi- 
tions. These thermal drifts may be well in excess of those 
produced by changes in ambient temperature, particularly 
when operated over a narrowrange of ambient temperatures. 


A further advantage of stabilized amplifiers is that long 
term offset stability at,constant temperature is excellent- 
as little as 10 pV over a several month period-while ini- 
tial offset voltage of differential, unstabilized amplifiers 
may drift several hundred microvolts over the same period. 


1.4 Special Features 

Special features of Analog Devices' 200 Series amplifiers 

include: 

1. An internal chopper drive that eliminates an externally 
generated 60 Hz drive signal and the AC noise pick up 
usually accompanying this. 

2. Anintegral zener, resistor, diode clamping network that 
keeps the amplifier from saturation and returns the out- 
put to the linear region after an input overload in less 
than a microsecond. 

3. Output is short circuit proof with short circuit current 
limited to about 100 ma for all models including Model 
201. 


2.0 SELECTION GUIDE 


Specifications (typical at 25°C and 
+15VDC unless otherwise noted) Model 201 Model 202 Model 203 Model 210 


RATED OUTPUT 
Voltage, pto p, min. 
Current, min. 


FREQU ENCY RESPONSE 

Unity Gain, Small Signal 

Full Power Response 

Slewing Rate 30V/usec 30V/psec 1.2V/psec 100V/ psec 
Overload Recovery 0.5ysec 0.5ysec Sysec 0.2psec 


INPUT OFFSET VOLTAGE 
Initial Offset, 25°C, max. +20pV +20uV +20uV +100pV 
Average vs. Temp. (-25 to 75°C) max. 0.2pV/°C 0.2pV/°C 0.2yV/°C -- 
(+10 to 85°C) max. -- -- -- 1pv/?C 
(-25 to 10°C) max. -- “< -- 2uv/°C 
vs. Supply Voltage 0.4pV/% 0.4yV/% 0.4pV/ % 10pV/% 


vs. Time 1pV/day 1pV/ day 1,V/ day LyV/ day 


INPUT OFFSET CURRENT 
Initial Offset, 25°C, max. 
Average vs. Temp. (-25 to 75°C) max. 
(-25 to 85°C) max. 
vs. Supply Voltage 


INPUT CHARACTERISTICS 

Input Impedance, dc, open loop 

Voltage Noise, DC to lcps, ptop 
Scps to 50KC, rms 

Current Noise, DC to lcps, ptop 


POWER SUPPLY 
Voltage + 15.to 16 VDC {+ 15 to 16 VDC |+ 15 to 16 VDC |4 15 to 16 VDC 
Current, quiescent +15,-25 maj+13,- 20 ma |+13, -20 ma |+40,-10 ma 


TEMPERATURE RANGE 

Specifications -25 to-75°C -25 to 75°C -25 to 75°C -25 to 85°C 
Operating -40 to 75°C -40 to 75°C ~40 to 75°C -40 to 85°C 
Storage -55 to 75°C -55 to 75°C ~55 to 75°C -55 to100°C 


(10-24) $256. 
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3.0 AMPLIFIER INSTALLATION & APPLICATION CONSIDERATIONS 


3.1 Pin Connections 

The pin configuration and wiring diagrams shown in figures 
2 and 3indicate howthe amplifier should be connected for 
proper operation. Note that the input return terminal must 
be externally connected to power supply common unless an 
external balance pot is required (see below). To prevent 
ground loops, a separate wire should go directly from the 
input return to power supply common. The small dot in the 


201, 202,203 
BALANCE - 210 


FIGURE 2 - PIN LAYOUT 
(BOTTOM VIEW) 


bottom corner of the amplifier triangle symbol denotes a 
connection to the power supply common. The input return 
for all figures (after figure 4) is implied to be connected 
externally to the power supply common. Where the fast 
overload recovery feature is desirable on Models 201,202, 
and 203, the fast overload terminal must be externally 
shorted to the output terminal. Model 210 has the fast over ~ 


loadrecovery circuit always operative (internally connected): 
FAST OVERLOAD 
OPTIONAL ON 
0 201,202,203 


SIGNAL 
INPUT 
OUTPUT 


SIGNAL 


RETURN 
SIGNAL RETURN MUST 


BE EXTERNALLY CONNECTED =") 


TO POWER SUPPLY COMMON 


6 OUTPUT 
RETURN 


INDICATES CONNECTION TO 
POWER SUPPLY COMMON SUPPLY 


FIGURE 3- CONNECTIONS 


The amplifiers can be damaged by applying incorrect pol- 
arity of supply voltage. Be sure polarities are correct. 


Remember that the exceptionally low drift and input cur- 
rent specification can be degraded by improper external 
wiring. Leakage resistance from the summing junction to 
an external voltage potential is particularly critical. For 
example, a leakage resistance of 1012ohms between the 
summing junction andthe 15VDC supply voltage results in 
15pA input current, which is greater than the typical ini- 
tial offset current of the amplifier. For critical applica- 
tions such as high quality integrators, leads to the sum- 
ming junction should be isolated from external voltage 
potentials by ground potential shielding. Moreover, therm- 


ocouple voltages can generate offset voltage drift compar- 
able to that of the amplifier and precautions should be taken 
to minimize this source of offset potential. 


3.2 External Zero Offset Adjustments 


Typical initial offset voltage on the 201, 202, and 203 is 
+10yV with a maximum specification of +20ynV. In most 
circuits such low offset does not require an external bal- 
ance adjustment. However, in critical applications the 
circuit in figure 4 can be used to zero the amplifier. The 
range of adjustment for the resistor values given is about 


Cy 


FIGURE 4 - 


EXTERNAL VOLTAGE BALANCE 
(201, 202,203) 


+30yV. The 4.7 megohm resistor can be decreased for a 
greater range adjustment where it is desirable to zero sup- 
press an external offset voltage. The input return should 
never be raised aboveafew millivolts unless the factory 
is consulted for the possible effects on other operating 
specifications , moreover, impedances greater than 100 
ohms should never be used in the input return lead. No- 
tice that the stability of the t15VDC bias voltages and of 
the voltage divider resistors are not particularly critical 
since, for example, a 1% change of 30yV is only 0.3pV. 


FIGURE 5-EXTERNAL CURRENT BALANCE 


For precision integrator or low offset current applications, 
the initial offset current can be zeroed with the circuit 
shown in figure 5 as an alternative to the voltage biasing 
of figure 4. The adjustment range of the bias circuit in 
figure 5 is +50pA. 


For a fixed source impedance, voltage or current biasing 
have an equivalent effect and either technique can be used 
to zero both initial voltage and current offsets. However, 
for a change source impedance in critical applications, as 
in the case of opening and shorting the input or in multi- 
plexing the input to various source impedances, then both 
voltage and current biasing must be used to zerooffset 
voltage and current independently. 


Model 210has a maximum initial offset voltage of +100pV 
but requires only an external 50K pot connected to the bal- 
ance terminal for zeroing. If initial voltage zero is not 
required, the balance terminal of the amplifier should be 
left open. The circuit of figure 5 may also be used with 
the 210 to zero initial offset current if desired, except the 
adjustment range should be increased to +100pA by in- 
creasing the 330 resistor to 68f. 


3.3 Single Ended Input 

The 200 Series, like most chopper stabilized operational 
amplifiers, have single ended (inverting only) inputs. This 
means that one side of the input signal must be common 
to the power supply ground and the output ground. 


Special circuitry is required to perform non-inverting and 
differential input amplification. Refer to paragraphs 5.3 
and 5.4 for circuits and considerations. 


3.4 Closed Loop Stability 

The high frequency performance of Models 201, 202, and 
210 is characterized by auseful small signal bandwidth of 
up to 10mc, slewing rates of 30 to 100 v/ psec and open 
loop gain greater than 60dbat100KC. Note that gain band- 
width product at unity gain is 10mc, but increases for a 
closed loop gain of 100 to80mc. These specifications are 
achieved in part by internal phase compensation networks 
that attentuate the open loop gain at nearly 12 db/octave. 
“Fast rolloff" operational amplifiers require a small feed- 
back capacitor across the feedback resistor in most cir- 
cuits to provide proper phase margin for stability. For 
optimum ‘bandwidth, itis suggested that a square wave be 
applied to the closed loop circuit, andthe value of Cz ad- 
justed for the desired transient response at the output. 
For a range of gains and operational resistances, Cf will 
vary from one or two pf to perhaps hundreds of pf. 


Maximum available closed loop bandwidth is determined 
by the intersection of the closed loop gain curve (more 
accurately 1/eedback factor) with the open loop gain curve. 
The approximate value of Cr, may be calculated by selec- 
ting a frequency of about 7/10ths of the above intersec~ 
tion frequency as the break frequency (-3db point) of ReCr. 

For Ry less than one megohm, closed loop bandwidth will 
then be W3qb = 1 /R CE. 


Maximum closed loop bandwidth of Models 201 and 202, 
for example, is 5mc at unity gain (the reduction from 10mc 
is due primarily to the feedback factor of B = 1/2 for the 
unity gain inverting configuration). Fora closed loop gain 
of 100, maximumclosed loop bandwidth is 800KC. If wide 
bandwidth is not required, it is suggested that Cs be in- 
creased to limit the bandwidth to the minimum value com- 
mensurate with system requirement so as to reduce noise. 


The Model 203, identical tothe Model 202 except for lower 
frequency response, Lower slewing rate, and 6db/octave 
attenuation, should be considered where wide bandwidth 
is not required (as in a low frequency integrator), ora 
high ly reactive load is to be driven. 


3.5 Improving Bandwidth & Slewing Rate of inverting Amplifiers 


When circuit design reasons compel large value of feed- 
back resistance for inverting amplifiers, and bandwidth is 
then limited either by the internal feedback capacitance of 
approximately lpf or by an external stabilizing capacitor, 
Cf, in conjunction with Rg, an improvement in bandwidth 
may be obtained by shunting Rj with a small capacitor and 
resistor in series (figure 6). 

where RyC ya RgCg. R; should be chosen as perhaps R\/10. 
A frequency res ponse test or square wave transient res ponse 


test is suggested for determining optimum values of Cj 
and R,. 


The published slewing rate specification is determined with 


‘operational resistors are used. 


IMPROVING BANDWIDTH 


FIGURE 6- 


small values of input and feedback resistors. Input cap- 
acitance of chopper stabilized amplifiers is on the order 
of one hundred picofarads. This capacitance, or any feed- 
back capacitance, may limit the slewing capability of an 
amplifier to less than the specification if large values of 
The above technique of 
adding a small capacitor across the input resistor may 
also improve slew rate as well as bandwidth. 


3.6 Capacitance Loads 

Load capacitance, in conjunction with the output imped- 
ance of the amplifier can cause oscillations. Figure 7 
shows an isolating circuit suitable for most applications 
with capacitance loads. Connecting the feedback resis- 
tance to point A causes less interaction between R (20- 
100 ohms) and the other circuit values, but results in a 
higher output impedance (=R)}. Connecting the feedback 
resistance to point B achieves extremely small low frequen- 
cy output impedance since R is inside the feedback loop. 


R; - 50 to 1009. NOM 


FIGURE 7- 
3.7 Long Leads 


All lead connections, including thosetothe power supply, 
should be made as short as possible. If it is necessary 
to have long leads to the feedback network, connect the 
stabilizing capacitor, Cz, directly from the output termin- 
al to the input terminal. 


ISOLATING CAPACITANCE LOADS 


3.8 Overcoming Large Feedback Resistors 

Low level DC amplifier circuits many times require feed- 
back resistors inthe 10to1000 megohm range. High value, 
stable, precision resistors are not readily available. The 
circuit infigure 8 shows one way to circumvent the use of 
very large resistance values. The gain forthis circuit is, 


2&9 _ Rylt Re + Ro Rg 
ej R,! Re Ri 


which for R¢ >> R, reduces to 


1 
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FIGURE 8-FEEDBACK VOLTAGE DIVIDER 


For example, ifaclosed loop gain of 1000 is required with 
a summing impedance of 1 megohm, we could select the 
following circuit values, Rj= 1 megohm, R, = 100 ohms, 
Ro = 100K ohms and Re = 1 megohm., 


One disadvantage to this technique arises in that voltage 
drift and noise are increased. Voltage drift referred to the 
output in the regular configuration for the example above 
would be 


bey = f + 2000m) egAT = 1001egaT 


and for the three resistor network case would be 


he, = Fe + "4 " + 4 eq AT 


Ry i 
=/.1K + 100K\ [IM+ 1M\ 9 sar 
1K 1M 
= 2002egAT 


This effect can be minimized by using as small a ratio as 
practical for (Rj + R)/R;. 


3.9 Noise 

Noise at the output of an operational amplifier is the sum 
of various noise components. Input noise voltage is often 
all that is specified on an amplifier data sheet. This in- 
formation is sufficient to derive the noise characteristics 
for a closed loop circuit having gains of 100 to 1000 and 
very low operational resistances, but additional calcula- 
tions must be made for other cases. The sources of noise 
in an operational amplifier circuit are: 


1. Input voltage noise of amplifier 

. Input current noise of amplifier 

. Thermal noise of input resistor 

. Thermal noise of feedback resistor 
. Current noise of input resistor 

. Output voltage noise 

. Power supply coupled noise 

. Pick up and RFI 


On nO bh wWwWND 


The bandwidth, or frequency characterization of thenoise 
sources, and the degree of correlation between the sources 
must be also determined for a complete noise analysis. 


Broadband noise at the output (exclusive of pick up and 
RFI ) for a circuit with a high closed loop gain andsmall 
operational impedances will be approximately the broad- 
band input voltage noise times the closed loop gain. Note 
that the noise is specified fora particular noise bandwidth 
(also called a "brick wall" or ideal filter bandwidth). The 
noise measurement must be made with this filter inserted 
between the amplifier and the measuring device. If a sin- 


gle pole filter is used in place of the " brick wall" filter, 
a -3db point of about 63% of the noise bandwidth must be 
chosen to compensate for the 6db/octave slope of the sin- 
gle pole filter instead of the infinite slope of the ideal fil- 
ter. 


A brief indication of the calculations will be illustrated. 
The circuit of figure 9 will be used for the analysis. 


Re 


tOOKHz 
IDEAL 
FILTER 


~7 FIGURE 9-NOISE EXAMPLE 


Assume an input voltage noise of 10,V RMS over a noise 


bandwidth of 100KC. Output noise from this source will 
be 1 mV RMS. _ Broadband current noise for the amplifier 
can be about 1 nA RMS; with 1 megohm feedback resistor, 
output noise will be lmV RMS from this source. 


Assuming the input voltage and current generators to have 
a correlation coefficient of 0.3 (a typical value for these 
amplifiers), the output noise is 


(1mv)2 + 2x .3xX lmVX ImV + (1mv)2 
= 1.61mV RMS RTO 


Thermal noise of any impedance Z is 


Eth(rms) =\/ 4KTAfR 
where \/4kKT = 1.3 x 10720 at 25°C 
Af is the ideal filter bandwidth over which the 
noise is measured. 


R is the real part of the impedance Z. 


Thermal noise of the input resistor (referred to the output) 


1s 
100 x 1.3%107!9\/i00Kc x 10K 


-4mV RMS RTO 


Eth(rms) 


This will be an uncorrelated noise source and so will add 
in quadrature to the other noise sources, 


We now have 2 


1.61° + .42 = 1.66mV RMS RTO 
Thermal noise of Reis 404V RMS RTO which will be insig- 


nificant in the present example. 


Resistor current noise is noise generated in an convention- 
al resistor when current passes through it. The spectral 
density hasa 1/f characteristic with wirewound and some 
metal film resistors having a coefficient of perhaps . 1yV 
RMS per volt applied per decade of frequency and noisy 
carbon composition or film resistors having as much as 
10yV RMS per volt per decade. The current noise due to 
a noisy input resistor in the present circuit considered 
from lcps to 100KC (5 decades) would be 


100 x HY x avs 


.22mV RMS RTO 


Eo (rms) 


The .1Visfull scale input voltage; current noise is a lin- 
ear function of input and would obviously contribute no 
noise with zero input. The noise at full scale would now 
be 1.68mV RMS RTO. 


This particular calculation shows equal effects due to amp- 
lifier input voltage and current noise with much reduced 
effects due toother causes. Other cases may show a much 
different proportion of effects, for example, resistor cur- 
rent noise would show a marked change in respectto other 
contributions if a narrower bandwidth were used. 


3.10 Multiplexing 

When multiplexing (sometimes called scanning or commu- 
tating) into a chopper stabilized amplifier with millivolt 
level signals, certain errors arise that can be minimized 
by certain precautions. Intermodulation with the chopper 
drive frequency will show up as signal output errors which 
are possible to minimize by choosing a scan rate that will 
not interact with the chopper frequency. Chopper frequen- 
cy for Models 201, 202, and 203 is about 35Hz and for 
Model 210 about 150Hz. Harmonics of these frequencies 
must also be considered when choosing the scan rate. 


On special order the Model 201, 202, and 203 may be ob- 
tained with provisions for externally driving the chopping 
oscillator at the scanning frequency or sub-multiples of 
the scanning frequency. This willeliminate intermodula- 
tion noise. The driving frequency must be 35Hz +1%. 


High speed multiplexing, that is, scan rates in the kilo- 
cycle region, will cause a shift in the baseline for any 
chopper stabilized amplifier. This is due to inability of 
the amplifier output to follow the input switched risetime, 
generating spikes at the summing junction, and subse- 
quent nonlinear amplification by the chopper amplifier 
causing base line shift. This problem can be minimized 
by slowing input rise time, by selecting an amplifier with 
greater slew rate and full frequency output, or by reducing 
scan rate. 


3.11 Overload Recovery 
An internal fast overload recovery circuit is included in 
these amplifiers to prevent the amplifier output from sat- 
urating. Thus the long delays following output saturation 
which is characteristic of most chopper stabilized ampli- 
fiers is avoided. 


The internal overload protection circuit is shown below in 
figure 10. Notice that the fast overload circuit must be ex - 


+15v 
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FIGURE IO- INTERNAL OVERLOAD RECOVERY 


ternally connected on Models 201, 202, and 203 while it 
is permanently connected internally on the Model 210. 


Rated output voltage for the Model 201, 202, and 203is 
+11 volts without the overload recovery circuit, but it can 
be as low as + 9 volts with this circuit connected due to 
zener tolerances. Minimum output of +10 volts with the 
overload circuit connected can be obtained on special or- 
der. 


The circuit provides additional feedback current when the 
amplifier output exceeds the zener plus diode voltage 
drops. The maximum amount of current that can be fed 
back is the amplifier's rated output current less the load 
current, therefore the input overload current must not be 
allowed to exceed this. 


The proper operation of this circuit depends on the follow- 
ing instructions: 


1. Power supply voltage must be a minimum of +15 volts 
for proper operation. 

2. Allinput overload current must be supplied through the 
feedback network from the amplifier output in order to 
maintain linear operation. If the input current plus the 
load current exceeds the amplifier's rated output cur- 
rent, then the overload recovery circuit will not func - 
tion properly. For example, a 1000 ohm load resistor 
draws 10ma. Therfore, with the 202, maximum input 
overload current cannot exceed 10ma. Input current is 
normally limited by Rj, but some special circuits (for 
example, non-inverting amplifiers) may require addi- 
tional current limiting to retain overload recovery char- 
acteristics; refer to paragraph 5.3 for overload protec- 
tion circuits for non-inverting amplifiers. 

3. If the inputresistor, Rj, does not adequately limit over- 
load current, an additional stage of silicon diode lim-~ 
iting may be employed as in figure 11 (two diodes in 
series may be required, Rp can be about 100 to 200f). 


Ry 


FIGURE !!- OVERLOAD CURRENT LIMITING 


Maximum overload transient voltages across the input ter- 
minals should be limited to +50 volts. Due to dissipation 
limiting, maximum steady state voltage overload to the in- 
put should not exceed +15 VDC. 


3.12 Turn On Transient 

If the +15 VDC power supplies do not come on at exactly 
the same instant, the output of the amplifier will saturate 
during initial turn onand requireas much as thirty seconds 
to recover on the Models 201, 202, and 203 and about two 
seconds on the Model 210. This is normal operation for 
these amplifiers,and, as a matter of fact, for any other 
chopper stabilized amplifier. Once the amplifier has re- 
covered from the initial turn on transient, it will recover 
very rapidly from overload due to overdriving the input. 


3.13 Power Supply Voltage 
Rated specifications depend on the supply voltages being 


in the range from + 15 to 16 VDC. As the supply voltage 
drops below+15VDC the overload circuit will not function 
properly and below 13 to 14 volts the amplifiers operating 
specifications are degraded. 


Model 205 is available for operation from +12 volt power 
supplies; specifications are similar to the 202 with reduced 
output swing. Models are available on special order to 
operate at other supply voltages. 


The amplifiers are relatively insensitive to gradual power 
supply changes or low frequency variations. However, 
there is sensitivity to supply voltage AC ripple and tran- 
sients. For best operation, ripple voltage should be no 
more than a few millivolts and voltage transients should 
be decoupled as much as possible. 


Low power supply output impedance at high frequencies 
may be lost through long lead lengths, and local decoup- 
ling of the power leads may be required. All models have 
capacitors connected internally across the power supply 
terminals to give some local decoupling. 


3.14 Accessories 

A plug in socket, Model AC 1002, (figure 12) is available 
which can be used for mounting the amplifier or for aiding 
in evaluation. A noise shield, Model AC1106 (figure 13), 


FIGURE 12 — AC1002 MATING SOCKET 


2.875 Ss 


BOTTOM PLATE 


FIGURE 13 — ACTIO6 NOISE SHIELD & HOLD DOWN BRACKET 


is also available for reducing the effects of noise pick up 
in areas ofhigh noise and RFI generation. The AC1106 al- 
so serves as a hold down bracket in high shock or vibra - 
tion environments. 


A circuit simulator, Model AC 1100 is available to aid in 
conveniently breadboarding and evaluating various closed 
loop circuits. The Model AC1100 is made up of a universal 
plug in socket and a versatile arrangement of 3/4 inch 
spaced banana jacks for connecting input, output, and 
power supply voltages and for plug in of feedback compon- 
ents mounted on banana plugs. 


4.0 DEFINITION AND MEASUREMENT OF INPUT OFFSET DRIFT 
4.1 Offset Drift Sources 


An equivalent circuit for offset driftis shown in figure 14. 
Re 


FIGURE 14- EQUIVALENT INPUT DRIFT GEN. 
The drift generators eq and ig include the effects of temp- 
erature changes, supply voltage changes, time, and in- 
ternal gradients due to self-heating. Voltage source drift 
referred to the output is given by 


A€g= €q f + | 


and current source drift by 


Beg = ig Re 


eq is determined by calculating the sum of three compon- 
ents; the expected variation in ambient temperature in de- 
grees C times the temperature coefficient of voltage drift 
in pV/°C, the change in supply- voltage in % times the co- 
efficient of voltage drift per % change in supply, and the 
drift of voltage offset with time. 


ig is determined in a similar way. Total worst case out- 
put drift due té the above six drift coefficients is 


= yk 
A€y = eg ‘ x] + ig Rg 


which, if referred to the input, becomes 


Ae; =eq b + &) + 1igR; 


where eg and ig are implied to each be the sum of three 
components. 


In addition to the above sources of drift within the ampli- 
fier, the drift characteristics of the external voltage and 
current offset adjustment networks must be investigated 
for extremely critical applications. The change in value 
of the potentiometers and resistors with time and temper- 
ature must be calculated and added to the previous drift 
calculation. 


For an additional analysis of drift sources, refer to "Op- 
erational Amplifiers - Part IV" published by Analog De- 
vices. 


4.2 Voltage and Current Drift Measurements 
The measurement of extremely low levels of voltageand 
current drift impose a severe problem on instrumentation. 
A method suitable for amplifying input voltage offsets to 
levels which can be easily measured or recorded is shown 
in figure 15. The low value of input resistor reduces the 
effect of input current drift to a value negligible in rela- 
tion to the voltage drift. Sensitivity of the circuit is lmV 
output per microvolt of drift eq: 

0.05puF 1002 
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FIGURE I5- VOLTAGE DRIFT 


Figure 16 shows a circuit for measuring input current off- 
set. The 10 megohm resistor produces a voltage due to 
current offset which is much larger than the effect of volt- 
age offset of the amplifier. Sensitivity of the circuit is 


1lmV output per picoamp of drift, ig. 
O.05uF 1002 


v7 FIGURE I6 - CURRENT DRIFT 


5.0 APPLICATIONS AND CIRCUITS 
5.1 Inverting Amplifier 


The conventional inverting amplifier is illustrated in fig- 
ure 17. Scaling is accomplished by varying ratio R,/R,- 
Ce 


FIGURE I7-INVERTING AMPLIFIER 


Gain of greater or lessthanunity is practical with typical 
range from .1 to 5,000. Widest bandwidth and fastest 
slew rate is obtained when using smallest practical resis- 
tor values. See paragraph 3.4 for determining value of Cg. 
Note that output must drive R,; as well as external load, 
therefore, output current available for load is reduced by 
E¢s/ Re. 


Input impedance equals Rj; output impedance is usually a 
fraction of anohmat DC, rising to values around 100 ohms 
at high frequencies. 


5.2 Summing Amplifier 
The summing amplifier may beused for scaling at the same 
time. 


FIGURE |8- SUMMING AMPLIFIER 


= -/RE ~ [Re 
eo (Fi fil (t,) fig 


Bandwidth of a multiple input summing amplifier is less 
than a single input inverting amplifier even though all im- 
pedances may be equal, because of the reduction in feed- 
back factor (B).. Feedback factor is the attenuation ratio 
of the operational impedances, which for a two input sum- 
ming amplifier is 


Ry WRyoiRiy + Re 


Output noise voltage and drift are increased over inverter 
values also for the same reason. In the drift case, 


Rg 
= ‘ ' matt) 


is the expression for output drift of a two input summing 
amplifier which may be compared with @q(1+R¢/Rj) for an 
inverter. 


5.3 Non-Inverting Amplifiers (High Input Impedance) 

The single ended input (inverting only) of chopper stabil- 
ized amplifiers make special circuitry a requisite for ob- 
taining a non - inverting output from a single amplifier. 
The general condition is input, output, and power supply 
grounds cannot allt be common. Stated another way: either 
the input, the output, or the power supply must be float- 
ing (isolated ) with respect to the remaining two circuit 
grounds (which two may usually be common). 


When an isolated or floating power supply is required, the 
foremost consideration is the degree of isolation between 
input power and output power. Resistance values of 1000 
megohms and an effective capacitance range of .01 to .lpf 
are possible in a well built, double shielded transformer, 
and the floating power supply should have specifications 
of this magnitude. Some applications may not require the 
degree of isolation of others, however, the unguarded or 
effective capacitance and leakage resistance should be 
known before attempting to use a power supply in a float- 
ing configuration. 


Voltage Follower (Power Supply Floating) 


Here, the regular output of the amplifier is grounded and 
used for the input and output returns. The output is taken 
from the floating power supply common terminal. Input 
impedance is typically 1000 megohms at DC (depending on 
the isolation of the floating power supply). Bandwidth is 
full amplifier small signal bandwidth. Offset current com- 
pensation if required is in conventional manner (see fig- 
ure 5) except that 50 K pot is connected across floating 
power supplies. 


FLOATING 
SUPPLY 


FIGURE 20- HIGH INPUT IMPEDANCE + 
(FLOATING SOURCE) 
Gain of the circuit in figure 20 is (Rj + Ro) / Ry. 


Source must be truly floating or improper operation will re- 
sult. Input impedance is >100 megohms at DC typically. 
(Actually, for low source impedance, input impedance at 
DC = R,,,XA8 where A is the DC gain, B is R1/(R, +Ro) and 
R,, is the amplifier open loop input resistance). 


Offset current may be compensated in the usual manner by 
injecting current into the amplifier input. 


Gain (at DC) is limited to greater than or equal to unity. 
For gains of less thanunity, the inverting connection must 
be used, or an input voltage divider is required. 


Grounded Source (Floating Output and Power Supply) 

If a grounded source must be amplified, and the output 
load and power supply can be floated, the same circuit as 
the preceeding may be used giving the advantages of high 
input resistance and high speed. 


FLOATING 
SUPPLY 
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FIGURE 21 -HIGH INPUT IMPEDANCE 
(FLOATING LOAD) 


Two Amplifier High Input Impedance Circuits 
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FIGURE 22- HIGH INPUT IMPEDANCE 
{INVERTING WITH GAIN) 


Characteristics of the circuit of figure 22 are high input 
impedance, wide bandwidth, and high gain if desired to- 
gether with a grounded load. Gain is the ratio of R/Ri, 
R, is a small value for overload current limiting and Ro is 
the usual parallel equivalent of Rp and R¢ for offset drift 
compensation, 


The input voltage, e,;, appears across R; producing a cur- 
rent e;/Ry which must flow out of the amplifier output, since 
the power supply is floating. This current flows into the . 
summing junction of the output amplifier and appears across 
Ry, thus the gain is 

XReze; x Re 

Ri oe. Ry 


Models 106 and 108 will be satisfactory forthe output amp- 
lifier in most applications since drift of the output is di- 
vided by R¢/Ry referredto the input, ej. It is important to 
keep resistor values very low; preferably Rg should be 2K 
or lower although output current limitations set a limit on 
the size. R 


FIGURE 23- HIGH INPUT IMPEDANCE 
{BOOTSTRAPPED INPUT- GROUNDED SUPPLY) 


The circuit of figure 23 provides a high input impedance 
because ofthe positive feedback to the input through R,.. 
Gain may be equally divided between the two amplifiers or 
may betaken mostly inthe first amplifier therefore reduc — 
ing the drift requirements of the second amplifier,in this 
case Rg is chosen > (Rg, x Reg)/Ryp - 


Maximum input impedance occurs when R¢3 is exactly equal 


to (Rey XRy9)/Rj2. Source impedance must be small with re- 
spect to R¢3 to prevent oscillations from occurring. 


Overtoad Current Limiting 
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FIGURE 25- OVERLOAD CURRENT LIMITING 
{FLOATING SOURCE) 


The voltage follower and non-inverting configurations re- 
quire a current limiting resistor at the input (figures 24 
and 25) for proper operation of the high speed overload 
circuit. 


R.. should be the smallest value possible commensurate 
with anticipated overload to avoid additional phase shifts . 
Again, the extra diode limiter may be of value (figure 26) . 


FIGURE 26 ~- ADDITIONAL CURRENT LIMITING 
(DIODE LIMITER) 


5.4 Differential Input Configuration 


FIGURE 27- DIFFERENTIAL INPUTS 


Figure 27 shows an obvious method of forming a differen- 
tial connection, and is probably the simplest and easiest 
to use. An extension of the voltage follower is shown in 
figure 28. The circuit is suitable for gains of unity to 50 
or so, but higher gains become noisy, since the input noise 
of allthreeamplifiers is additive (at quadrature for uncor- 
related noise sources). 
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FIGURE 28- HIGH INPUT IMPEDANCE DIFFERENTIAL INPUT 
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FIGURE 29-HIGH INPUT 
IMPEDANCE DIFFERENTIAL tNPUT 


The circuit of figure 29 is suitable for gains of unity to 
several thousand. Operation is as follows: the voltage 
€;, ~ @j2 appears across Rj (as if the two input amplifiers 
were voltage followers ), the current (ey) - €j9)/Ry flows 
out of A's output into the summing junction of C and through 
Rg (R. is only for overload protection). Therefore gain is 
R¢/R;. Input impedance is hundreds of megohms, being 
limited usually by the isolation of the floating power sup- 
plies. Amplifier C can be any non-stabilized differential 
amplifier with suitable bandwidth and stability character- 
istics (Model 203 forA and Band Model 108 for C are sug- 
gested for low noise, moderate bandwidth). 


With Models 202 or 210, bandwidths of hundreds of kilo- 
cycles may be obtained with extremely high input resis- 
tance at DC. For the overload protection to be operative, 
small resistors must be incorporated in series with each 
input. Care must be exercised in stabilization of this cir- 
cuit due to the extremely large forward gain of the total 
configuration. 


5.5 Integrating Amplifier 

The exceptional voltage and current drift specifications, 
together with high open loop gain make the 200 Series 
amplifiers particularly well suited for use as integrators. 
Model 203is designed especially for integrating applica— 
tions and is recommended in all cases except where the 
bandwidth of Models 202 or 210 is required or possibly 
where the lower cost and more modest performance of the 
Model 210 is acceptable. 


The specifications of importance for an integrator are volt~ 
age offset and drift, current offset and drift, open loop 
gain, and input resistance. Drift rate of the integrator is 
obviously related to voltage and current drifts; additional 
droop of aheld value (and non-linearity during integration) 
results from the finite values of input resistance and DC 
gain. The measure of droop (in addition to offset contri- 
butions ) is calculated by assuming a resistor in parallel 
with the integrating capacitor equal to Rin xX DC gain and 
computing the discharge rate. 


The main causes of integrator error are voltage and current 
offsets and change of offset. Initial offset can be adjusted 
to zero, but drift (change of initial offset) with time, temp- 
erature, and supply voltage, cannot be compensated for 
and must be specified sufficiently low to maintain system 
accuracy. Voltage offset and current offset at any parti- 


culartemperatureé can be compensated for at the same time 
with either a voltage offset trim or current offset trim as 
long as Rj is constant. If R; must change in value (be 
switched in value for example) or if integration is stopped 
by open circuiting the source (Ree) instead of grounding 
the input, then voltage and current offsets must be adjus- 
ted independently with separate trim pots for most accur- 
ate results. 


FIGURE 30-INTEGRATING AMPLIFIER 


The conventional circuitis shown in figure 30. For a con- 
stant held input voltage, output rate of change is 1/R,Cg 
volts/second per volt of input signal. 


Voltage drift rate due to voltage offset is 


e e 
hen = —d and for current offset is 


i 
< = 4 , where e, and iy are defined in 4.1. 
t 


To minimize total drift for any given time constant, RyCy 
observe that voltage drift is dependent only on the product 
RC, and cannotbe minimized except by increasing the 
time constant or choosing a better amplifier, However, 
current drift can be minimized by choosing C as large as 
possible, 


A small resistor, R_, in series with C;, may be required 
for proper stabilization with wide bandwidth amplifiers. 


9.6 Photomultiplier Tube Amplification And Current To Voltage Converters 
Photocells, photomultipliers, ionization chambers and a 
host of other scientific instruments have extremely high 
effective source impedances and low output currents. De- 
vices of this nature approach an ideal current generator 
in performance and can be treated as such for choosing 
circuit approaches. 


An instrumentation method usual in the past has been to 
insert a large value resistor in series with the output of 
the current source, and measure the voltage drop across 
this resistor with an amplifier having very high input im- 
pedance and very low offset current. 


Acircuit configuration that in many instances will provide 
superior results is shown in figure 31. 


CURRENT 
SOURCE 


+15V -I8V 
FIGURE 31- CURRENT to VOLTAGE CIRCUIT 
(PHOTOMULTIPLIER ect.) 


This is the familiar inverting amplifier used for current to 
voltage conversion. A current ij, is produced by the 
source, ( and neglecting for the moment R, ) almost all of 
ij, will flow through the feedback resistor, Re, since the 
input current to actuate the amplifier is extremely small. 
The output voltage will then be ijn*Rg. The transfer func- 
tion for the circuit is in the form of atransimpedance, 
e/i n=R¢- The function of R, is to offset any initial cur- 
rent from the source, for example, dark current in a photo- 
multiplier tube, and to compensate for the small offset 
current of the amplifier. Notice that does not load the 
current source, for the input to the amplifier is a current 
summing junction and therefore a virtual ground. 


Advantages of this arrangement compared toa high input 
impedance voltage follower amplifying the signal produced 
across a load resistor are as follows: 


1. Linearity of most transducers is improved; current sources 
show maximum linearity working into a voltage node, 
If linearity errors arising from large values of load re- 
sistance are attempted to be improved by reducing the 
load resistor and increasing voltage gain of the ampli- 
fier, then voltage drift and voltage noise are increased 
by the amount of the voltage gain. 

2. Common mode voltage errors of a voltage follower cir- 
cuit are eliminated. 


3. Initial offset currents much larger than the dynamic 
range of the signal input are easily zeroed by choosing 
a value of Rp < Rg. 

Input impedance changing with time and temperature 
can produce appreciable error in the voltage follower. 


» 


Noise and drift at the output will be due primarily to cur- 
rent noise and drift. Input voltage noise and drift are not 
amplified in a ttansimpedance and in a practical case, the 
output contribution due to the equivalent input voltage 
noise and drift generators will be at most twice the input 
values. 


Output current noise and drift are as usual i, Re and ig Re 
respectively. For best signal to noise characteristics, a 
feedback capacitor should be included to limit the band- 
width to that required for system performance. 


5.7 Precision Voltage Source 
A precision variable (or fixed) voltage reference source is 
illustrated by figure 32. 


Cr 


FIGURE 32- PRECISION VOLTAGE SOURCE 


This arrangement provides a linear relation between Rg and 
output voltage sothata calibrated variable resistance will 
produce a calibrated output voltage. A temperature com- 
pensated zenerreference can beused for precision stabil- 
ity or a conventional 5.6 volt zener for moderate stability 
requirements. Various switching schemes can be devised 
to obtain bi - polaroutputs. Ri is usually between a few 
thousand ohms and a hundred thousand ohms. C, should 


be a low leakage capacitor as large as practical. Model 
203 is recommended for this application. See paragraph 
3.6 if large capacitive loads must be driven. 


5.8 Current Sources 

For current source applications it should be noted that the 
Model 201 hasa hefty 100ma output rating while the Mod- 
els 202, 203, and 210 all produce 20ma. 


Ri (FLOATING) 


7 
FIGURE 33-PRECISION CURRENT SOURCE 


Figure 33 shows a precision current source with a require- 
ment that the load must be floating. 


Current through Ry, is e//Ri, Limitations on size of Ry, are 
maximum voltage drop across Rr and maximum current 
through Ry, to be within amplifier output specifications. 


By using a floating power supply, a precision current 
source may be constructed as in figure 34. 
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FIGURE 34- CURRENT SOURCE 
(FLOATING SUPPLY) 


The input voltage, @;, appears across Ri, producing the 
current i. Because of the floating power Supply this cur- 
rent in turn must flow through R, for a return path. Note 
that if ej is about 10 volts, the output can swing from 0 
to +20 volts, giving a greater range than other techniques. 


FIGURE 35 - CURRENT SOURCE 
(GROUNDED SUPPLY) 


The circuit of figure 35 produces a current of 

Rea X E 

Ril Ro 

through Ry with the requirement that Reg >> R,- 

Precisely this current flows through R,, but a small amaqunt 


must be channeled through Rg3, therefore the current in 
R, is low by the amount in R¢3. 


If Models 201, 202, or 210 are used, feedback capacitors 
will be required as usual. With Model 203, a feedback 
capacitor on the second amplifier will reduce noise and 
provide additional stability for the circuit. Suggested 
values are Rj) =Rey =Ryg = Reg= Re3= 100Kand Ro = 1009 
for 10ma_ output per volt input or Ro=1K for 1ma output per 
volt input. 


5.9 Bridge Amplifier (Floating Bridge Supply) 


FIGURE 36-BRIDGE AMPLIFIER 3 ®! 
(FLOATING BRIOGE SUPPLY) <7 


Figure 36 illustrates the use of a non-inverting high input 
impedance configuration for amplifying a low level bridge 
signal. Output for a single active arm is 
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OPERATIONAL AMPLIFIERS , PART | 


Principles of operation and analysis of errors 


Ray Stata. Vice President 
Analog Devices. Inc., Cambridge, Mass. 


The term “operational amplifier” was orginally coined 
by those in the analog computer field to denote an am- 
plifier circuit which performed various mathematical op- 
erations such as integration, differentiation, summation 
and subtraction. Although operational amplifiers are still 
widely used for analog computation, the application of 
these devices has been so vastly extended that the termi- 
nology is now archaic. Today, the widest use of operational 
amplifiers is in such applications as signal conditioning, 
servo and process controfs, analog instrumentation and 
system design, impedance transformation, voltage and 
current regulators and’a host of other routine functions. 

Non-linear applications of operational amplifiers have 
also been added to the growing frontier of analog am- 
plifier technology. In this category, operational amplifiers 
are used for voltage comparators, A to D and D to A 
converters. logarithmic amplifiers, non-linear function gen- 
erators and ultra-linear rectifiers, to name only a few 
applications. 

_An operational amplifier is generally characterized by 
the following properties: 

e Extremely high de voltage gain, generally in the range 
from 10* to 10°. 


e Wide bandwidth starting at dc and rolling off to unity 
gain at from | to 100 Mc/s with a slope of 6 db/octave 
or at most 12 db/octave. 


e Plus and minus output voltage over a large dynamic 
range, generally from +10 to +100v. 


e Very low input de offset and drift with time and tem- 
perature. 


e High input impedance so that amplifier input current ~ 


can be largely neglected. 


The great versatility and many advantages of opera- 
tional amplifiers stems from the use of negative feed- 
back. You recall from circuit theory that negative feedback 
tends to improve gain stability, to reduce output im- 
pedance. to improve linearity and in some configurations, 
to increase input impedance. As shall be pointed out later, 
the extent to which closed loop performance is improved 
by negative feedback, depends on the magnitude of loop 
again (AB). 

Another useful property of negative feedback, which is 
the basis for all operational amplifier technology, is that 


with enough gain, the closed loop amplifier characteristics 
become a function of only the feedback components. For 
example, the gain of the closed loop circuit in Fig 1 is 
determined almost entirely by the ratio of the two resistors, 
Z,/Z, and is largely independent of the open loop char- 
acteristics of the operational amplifier. Since the selection 


-and configuration of the feedback components determine 


the operation of the circuit, the versatility in applying 
operational amplifiers is limited primarily by your in- 
genuity in selecting and configuring the feedback com- 
ponents. 


OPERATIONAL AMPLIFIER CHARACTERISTICS 


An ideal operational amplifier would have infinite open 
loop. gain and bandwidth and zero input noise, offset and 
drift. In this case the feedback components determine 
entirely the closed loop performance and the operational 
amplifier has absolutely no effect on the circuit perform- 
ance. Although, of course, no amplifier has these ideal 
qualities, the performance of modern solid state amplifiers 
closely approaches these limits. To discuss the limitations 
of practical amplifiers and how these limitations effect 
closed loop performance, the errors due to the non-ideal 
characteristics of operational amplifiers are classified into 
four basic categories: 


e Static errors due to finite amplifier gain. 
e Dynamic errors due to bandwidth limitations. 


e Errors due to initial voltage and current offsets and 
drift caused by temperature change, time stability and sup- 
ply voltage change. 


e Errors due to noise. 


There are also more refined considerations such as com- 
mon mode voltage characteristics and finite input and 
output impedances which effect the performance of op- 
erational amplifier circuits. 


Static Errors Due to Finite Amplifier Gain 


The most distinguishing feature of operational am- 
plifiers is the staggering magnitude of dc voltage gain 
which they boast. Even the least expensive differential 
amplifiers have voltage gains of 10¢ while high perform- 
ance chopper stabilized units have gains as high as 109%, 
Negative feedback around this high voltage gain, ac- 
complishes the virtues of closed Joop performance and 


Fig 1 (Left) — Operational amplifier 
circuit. Fig 2 (Right) — Circuit to 
determine the feedback attenuation f. 


makes the circuit dependent only on the feedback com- 
ponents. 

Before proceeding to a mathematical analysis of op- 
erational circuit performance, it is interesting to intuitive- 
ly examine the significance of voltage gain. Suppose, as an 
extreme case, you assume that the amplifier in Fig 1 has 
a de voltage gain of 108 and a maximum output voltage 
+10 v dc. In all other regards, suppose that the am- 
plifier is ideal which among other things implies that 
e, = 0 when e, = 0. You can then state that when the 
output voltage swings through its extremes of +10 to 
—10 v dc, the error voltage, e,, will not vary by more 
than +0.1 pv from ground. The currents through Z, and 
Z, are then: 


i, = (e; — e,)/2Z, = ¢/Z; (t) 
y= (e, — €,)/Z, = —e,/Z, (2) 


To go further, let us say that in this circuit the ratio of 
Z,/Z, is selected so that the output voltage will be +10 
v de when the input is —10 mv which states that the 
closed loop gain, e,/e;, is 1000. Since the error voltage will 
not exceed 0.1 pv, e, is completely negligible compared to 
e, and an error of less than 0.001% (0.1. j1v/10 mv), 
is committed by neglecting e, as compared to e,. Assum- 
ing that e, = 0, implies that i, == 0, which, for any prac- 
tical value of Z;y, is an excellent assumption. If i, = 0, 
then, 


From Eqs (1) and (2), the closed loop gain, determined 
entirely by the ratio of Z, and Z,, is: 


e/& = —Z,/Z, (4) 


This simple example shows the validity of two basic 
assumptions which underlie the-analysis of all operational 
amplifier circuits, namely: 


e Feedback current, i,, is equal to the input current, ij, 
since error current, i,, is negligible. 


e The error voltage, e,, across the operational amplifier 
input terminals is assumed to be zero volts. 


To repeat, these assumptions follow from the fact that 
negative feedback, coupled with high open loop gain, con- 
Strains the error voltagé and consequently the error cur- 
rent to infinitesimal values. The higher the gain, the more 
valid these assumptions become. 

Quantitative Gain Error Analysis: To develop quantita- 
tive expressions for the errors caused by finite amplifier 
gain, assume that the amplifier in Fig | is ideal except 
for finite gain. These assumptions can be statcd quantita- 
tively as: 

Ziy = ©,€, = 0 when eg = 0 


Zout = 9, wp = w (infinite bandwidth) 


For an amplifier with open loop voltage, A, the exact 
closed loop gain is, 


en as Z, 1 7 
ea Z; 14 U/A)(71+2,/Z, | 
wee eee} — 
ideal error factor due 
amplifier to finite voltage gain 
(5) 


As the gain, A, approaches infinity, eq (5) reduces to 
the form of an ideal operational circuit: 


e,/e= —Z,/Z, (6) 


Consequently, the error in closed loop gain, e,/e,, due 
to finite open loop gain, A, is: 
: 1 
14 (7/A)(1 + Z,/Z,) 
If we let 1/B = 1 + Z,/Z, eq (7) can be rewritten 
I 
1+ 1/AB 


The error factor is in a form which, when multiplied by 
the ideal closed gain, gives the actual closed loop gain. 
The percentage error due to finite gain A is: 


error factor = 


(7) 


error factor = 


~ 1 —1/AB, for AB>>1 


e(% ) — 100/ AB (8) 


Gain Stability: Closed loop gain error, eq (8), is not in 
itself tremendously important since the ratio Z,/Z, can 
always be adjusted to compensate for this error. How- 
ever, closed loop gain stability is an important considera- 
tion in most applications. Closed loop gain stability is ef- 
fected primarily by variations in open loop gain due to 
changes in temperature and load or due to aging of 
amplifier components. Redefining closed loop gain by 
G., = e,/e, then 


AGa AA 1 

6, a “ay i 
From eq (9) any variation in open loop gain, A, is re- 
duced by the factor Af in its effect on closed loop gain, 
G,,. Improvement in gain stability is one of the important 
benefits of negative feedback. 


Loop Gain 


The product Af which occurs in eqs (8) and (9), is 
called loop gain, a well known term in feedback theory. 
The improvement in closed loop performance due to 
negative feedback is, in nearly every case, proportional to 
loop gain. 

To a first approximation, closed loop output impedance, 
linearity and gain stability, are all reduced by Af with 
negative feedback. Term B, generally called feedback at- 
tenuation, is defined as the factor by which the output 
voltage, e,, is attenuated to produce the error voltage, 
e., with the forward gain open and with the input ‘source 
replaced by its Thevin equivalent resistance. Assuming 
zero source resistance, by definition 1/8 from the circuit 
in Fig 2 is: 

Meg ZZ, Zz — 71 

Ae, _ Zi : = Zz; —~ “BO G19) 

For Z; > Z;, which is generally the case for closed loop 
gain greater than one: 


1/B = Z,/Z, = ¢,/e, = Gy (11) 


Consequently, loop gain, AB, is approximately the ratio of 
open loop gain to closed loop gain, 


AB =~ A/Ga 


This discussion emphasizes that the loop gain is the 
significant factor in predicting the performance of closed 
loop operational amplifier circuits. The open loop gain 
required to obtain an adequate amount of loop gain will, 
of course, depend on the desired closed loop gain. For 
example, an amplifier with an open loop gain of 20,000 
will have a loop gain of 2000 for a closed loop gain of 10, 
but only a loop gain of 20 for a closed loop gain of 1000. 
Frequency Dependence of Loop Gain: Thus far, it was 
assumed that the open loop gain is independent of fre- 


quency. Unfortunately, this is not the case. Leaving the 
discussion of the effect of open loop response on band- 
width and dynamic errors until later, let us now investigate 
the effect of frequency response on loop gain and static 
errors. 

The open loop frequency response for a typical opera- 
tional amplifier with superimposed closed loop amplifier 
response for a gain of 100 or 40 db, illustrates graphically 
(Fig 3) these results: 


e Loop gain in db is the difference between open loop 
gain and closed loop gain. Actually loop gain is the ratio 
between open and closed loop gain, but subtracting on a 
logarithmic scale is equivalent to normal division. 


e Loop gain decreases with increasing frequency due to 
the attenuation of open loop gain. 


e Loop gain decreases for higher values of closed loop 
gain. 


e Closed loop gain depends entirely on the ratio of the 
feedback components, Z, and Z,, and is independent of 
open loop gain (apart from errors which are inversely 
proportional to loop gain). 


e Where the closed loop and open loop curves intersect, 
loop gain is zero which implies that beyond this point, 
there is no negative feedback. Consequently, closed loop 
gain will be equal to open loop gain. 

Fig 3 points out that the high open loop gain quoted 
for operational amplifiers is somewhat misleading. Beyond 
a few c/s, open loop gain is attenuated rapidly. Conse- 
quently, closed loop gain stability, output impedance, 
linearity and other parameters which depend on loop 
gain, are degraded at higher frequencies. One of the rea- 
sons for having dc gain as high as 10° and bandwidth as 
wide as several Mc/s, is to obtain adequate loop gain at 
frequencies even as low as 100 c/s. 

One approach to improving loop gain at high fre- 
quencies other than by increasing open loon gain is to 
increase open loop bandwidth. Fig 4 illustrates the im- 
provement in loop gain obtained by increased bandwidth. 
Another approach to improving loop gain at higher fre- 
quencies, is to have faster attenuation of the open loop 
response. Normally, operational amplifiers have 6 db/ 
octave attenuation to provide stable operation for all 
values of resistive feedback. While it is true that fast roll- 
off amplifiers are more difficult to stabilize, once the 
techniques for applying amplifiers with these character- 
istics are understood, it is just as easy to use them and 
the high frequency performance is considerably improved 
Over conventional 6 db/octave amplifiers. Fig 5 illus- 
trates the improvement obtained in loop gain at high 
frequencies by using a fast roll-off amplifier. 


Generalized Operational Circuit 
With Multiple Inputs 


In the foregoing analysis the impedances Z, and Z, 
have been used to denote that the feedback elements may 
be any linear, passive, bilateral networks. These im- 
pedances may be complex. For purposes of amplification 
or isolation, the feedback elements would be resistors, 
but in other applications such as servo controls, the feed- 
back elements may be rather complicated networks. The 
same analyses are applicable to non-linear feedback ele- 
ments such as diodes or transistors. 

In the most general cases, it is possible to sum or 
otherwise manipulate a number of input voltages as shown 
in Fig 6. In this configuration, the inputs are almost com- 
pletely isolated from each other due to the very low 
error voltage at the summing junction. 

The generalized closed loop gain equation for this cir- 
cuit is: 


€, = (ideal amplifier) (error factor due to finite gain) 


(12) 
where: 
. eee Z Z Z 
(ideal amplifier) — az oe +...4 ey zn 


and (error factor) = 
I 


rarer en ame (uate (aerate 7a | 


2] ! 

Z% 14 (1/A)(1 4 Z,/Z,) 
where Z, is the parallel sum of Z,,Z,.... Zy. 

For any one input voltage eq (12) reduces to the form of 
eq (6), 


ore=—| 3 


Except now, 
Z 
1/8, = 14 SL 
By z 


All of the preceding discussions and results are equally 
applicable to the circuit in Fig 6, except that loop gain. 
AB, for this case may be considerably reduced due to 
the parallel sum of the input impedances. The errors due 
to finite loop gain will be increased by the ratio B/f,.. 
Since the loop gain for all inputs is the same, if any one 
input impedance is low, the ensuing errors for all other 
inputs are also increased. 
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Fig 3 — Open loop frequency re- 
sponse. 
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Fig 4 — Effect of increased bandwidth 
on loop gain. 
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Fig 5 — Comparison of loop gain for 
6 db/ and 12 db/ octave amplifiers. 
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Fig 6 — Multiple input summing am- 
plifier. 


Frequency Response and Dynamic Errors 


We have already mentioned that nature imposes some 
restrictions on the maximum achievable bandwidth for op- 
erational amplifiers. Typical amplifiers have unity gain 
bandwidth of 1 Mc/s with some special amplifiers hav- 
ing bandwidths as high as 100 Mc/s. Since operational 
amplifiers almost invariably employ large amounts of 
negative feedback, the attenuation of open loop response 
must satisfy certain requirements to insure stable closed 
loop operation. H. N. Bode in his “Network Analysis 
and Feedback Amplificr Design’, D. Van Nostrand, 
Princeton, New Jerscy 1951 showed that closed loop op- 
eration will be stable if the log plot of open loop gain 
exhibits a slope of less than—12 db/octave in the region 
of crossover. 

Operational amplifiers are usually designed to have 
attenuation of 6 db/octave to assure that closed loop 


Operation will be stable for all possible values of resistor 


feedback with the usual stray capacitance, load capacitance 
and input capacitance which are present in a circuit. How- 
ever, there are advantages to be gained from amplificrs 
designed for 12 db/octave attenuation. The stability prob- 
lem for these amplifiers can be solved, once a few basic 
application techniques are understood. 

Fig 7 gives a very close approximation to the open, loop 
gain-phase characteristics of a 6 db/octave amplifier. 
Mathematically, the amplifier behaves like a simple linear 
first order lag. 


A(S) = A,/(1 4+-T7,S), where S = jw 
For frequencies greater than s = 1/T,, gain becomes, 
A(S) =A,/T,S = w/S (14) 


Substituting eq (14) for A in eq (5) the dynamic closed 
loop gain response for the circuit in Fig | becomes: 


2 
Z K Z, 
Lae Wo (1+ 3) (15) 


2 | [sare] 
on ae ae 14+TS 
where T, = [1 + Z,/Z,]/0, = 1/Buwo (16) 


Fig 8 illustrates the dynamic closed loop gain response 
given by eq (15). The closed loop bandwidth is directly 
proportional to open loop bandwidth w, and is inversely 
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Fig 8 — Closed loop frequency re- 
sponse. 
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Fig 9— Closed loop step response. 
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Fig 7 — Open loop gain phase response. 


proportional to closed loop gain. This is another way of 
stating that the gain-bandwidth product for a feedback 
amplifier is constant. As closed loop gain is increased, 
bandwidth is decreased. 
Transient Response: The closed loop step response for eq 
(15) is a simple exponential with time constant T,: 
e(t) = (—Z,/Z,) (1 — e-"/%e) 
for eg= p_,(t) 

The time constant, T,, eq (16), increases for increasing 
values of closed loop gain and decreases for increasing 
values of open loop bandwidth, w,. Fig 9 shows the step 
function response together with the time required to reach 
various percentages of the final values. 

As an example, the time required for a one Mc/s unity 
gain (w,) amplifier connected for a closed loop gain of 
100 to reach 0.1% of its final value after a step input, 


T = 6.9T, = 6.9(100/6.28 & 10%) = 110 usec 


Rate Limiting, Slewing Rate and Full Output Frequency 
Response: Another limitation to transient response is rate 
limiting. Apart from bandwidth, operational amplifiers 
have limitations on the maximum rate of change of output 
voltage which will not permit the amplifier to respond as 
fast as the amplifier time constant might indicate. This 
tends to be a problem for large input voltage steps. 

The maximum full output frequency is usually given by 
the manufacturers to define this limitation. Alternatively, 
a specification for maximum slewing rate is sometimes 
given, generally in volts/usec. Slewing rate and full out- 
put frequency are related as follows: for a sine wave, the 
maximum output voltage for full output frequency, wr. 

€o(t) = Ag Sin wy, t, where A p és the peak output voltage 
The maximum rate of change of this voltage or slewing 
rate is, 


(deo/ At) maz = A pujo/ 10% volts/ usec 


Fast Roll-Off Amplifier: Not only do fast roll-off am- 
plifiers provide more loop gain at high frequencies as 
previously discussed, but they also offer wider closed 
loop bandwidth for a given unity gain crossover fre- 
quency. Fig 10 shows a comparison of the closed loop 
bandwidths obtainable for a 6 db/octave and a 12 db/ 
octave amplifier. Stable closed loop performance can be 
obtained for a 12 db/octave amplifier by the addition of 
a lead capacitor in the feedback network as shown in 
Fig 11. The effect of the lead capacitor on closed loop 
response is illustrated in Fig 12. So long as the rate of 
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Fig 10 — Comparison of bandwidth 
for 6 and 12 db/ octave amplifiers. 
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Fig 11 — Stabilization with feedback 
capacitor. 


closure between the open loop and closed loop response 
curves is less than 12 db/octave, the closed loop response 
will be stable. The location of the compensating break 
frequency, w,, establishes the closed loop phase margin. 

Fig 13 illustrates a technique for isolating load ca- 
pacitance which may cause oscillations for a 12 db/ 
octave amplifier. Since the load isolation resistor is inside 
the feedback loop, low output impedance is maintained. 
These illustrations are intended to indicate that in most 
applications, a 12 db/octave amplifier can be stabilized 
as well as a 6 db/octave amplifier and at the same time, 
the benefits of increased loop gain at high frequencies and 
wider closed loop frequency response are obtained. 


Overload Recovery: Another source of dynamic error is 
the overload recovery time after the amplifier has been 
saturated. Chopper stabilized amplifiers, by their very 
design, have notoriously long overload recovery times: 
up to 3 minutes. Differential amplifiers are in general 
much better in this respect with recovery times in the 
range from 5 to 50 msecs. Moreover, 12 db/octave am- 
plifiers tend to recover faster than 6 db/octave amplifiers 
and may have recovery times as short as 200 psec. 

A remedy for the overload recovery problem is to in- 
clude a circuit in the feedback loop which prevents the 
output from reaching the saturation voltage. One such 
clamping circuit is shown in Fig 14. This circuit has a 
response of a. few usec so that recovery time is generally 
limited only by the closed loop bandwidth of the am- 
plifier. In addition, this configuration limits the leakage 
current through the feedback network to something less 
than 10 pa, depending on the quality of the diodes. 


Input Offset and Drift Errors 


Although an ideal am- 
plifier has exactly zero output voltage for zero input 
voltage, any practical dc amplifier invariably exhibits an 
input offset. Offset in itself is generally not a serious 
problem since you may compensate for it with various 
techniques by artificially injecting an equal and opposite 
signal at the summing junction. However, any tendency 
for the offset to drift either due to temperature change, 
time or supply voltage variations, presents a basic limita- 
tion since this drift would necessitate the compensating 
signals to be constantly readjusted. One important figure 


Fig 14 — Overload recovery circuit. 


fecdback capacitor. 


Fig 15 — Sources of offset drift. 


Fig 13 — Isolation of load capacitance. 


of merit for an operational amplifier is the magnitude of 
offset drift. 


Offset drift falls into two separate and distinct categories. 
One cause of drift can be characterized by a voltage 
source connected in series with the summing junction, 
Fig 15, while another source of drift can only be char- 
acterized by a current source in parallel with the sum- 
ming junction. To successfully apply operational am- 
plifiers the distinction between these two sources of drift 
must be understood in order to predict their effect on 
circuit performance. 


Voltage Offset and Drift: The principal causes for voltage 
drift are changes in ambient temperature and supply volt- 
tage-or long term stability due to component aging. Less 
obvious and more uncommon sources of voltage offset are 
self heating due to load variations and rectification of 
high frequency overdrive signals. Encapsulated amplifiers 
offering higher output voltage or current ratings are sub- 
ject to considerable internal dissipation which may gen- 
erate enough heat to cause the input to drift as the load 
is changed. Input signals which contain frequency com- 
ponents that exceed the amplifier bandwidth or rate limit- 
ing capabilities may be rectified and cause an offset 
teferred to the input. 


Voltage drift due to ambient temperature change is 
generally specified as the average drift over a given tem- 
perature range. This can be somewhat misleading. For 
example, Fig 16 shows a voltage offset vs temperature for 
a particular amplifier. Although the curve falls within 
the specification limits, the slope of the curve at any one 
temperature may exceed the average drift rate..A more 
precise way of specifying drift is to give the maximum 
total voltage change over the temperature range of in- 
terest. 


Another anomaly in specifying temperature drift is that 
the ratings given are for steady state temperature con- 
ditions. The drift performance, particularly for differential 
type amplifiers, depends on precisely matching the tem- 
perature effects of the input transistors. Successful op- 
eration then depends on the components within the cir- 
cuit being maintained at exactly the same temperature. 
Encapsulated amplifiers use potting compounds with low 
thermal resistance which tends to minimize thermal un- 
balance. However, in applications where thermal gradients 
are prevalent in the vicinity of the amplifier, it is possible 
to obtain voltage offset transients which exceed the steady 
state drift specifications by an order of magnitude. Chopper 
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Fig 16 — Voltage drift vs temperature. 


type amplifiers are relatively insensitive to thermal gra- 
dients and they should be considered in environments 
which present this problem. 

Voltage source drift referred to the output for the 
circuit in Fig 15 is given by, 


Ae, = éa/B = eg(1 + R,/R,) 
Ae, = egR,/R, for Ry >> Ri (17) 


where e, is the total offset voltage change over the time, 
temperature and supply voltage range of interest. Eq (17) 
follows directly from eq (11) where it was indicated that 
the output is always 1/8 times the error voltage at the 
summing junction. Since eg can be considered another form 
of error voltage the same eq (11) is applicable. 

Offset drift is defined in terms of the voltage required 
at the input to rezero the output. Thus drift referred 
to the input is obtained by dividing the output drift eq 
(17) by the closed loop gain, R;/R;, 


Ae; = (eg/B)(RY/R,) = eg(1 4+ R,/R;)(R/ Ry) 
Ae; = eg for RR; >> R; (18) 


It is important to note that the usual approximations for 
voltage source drift referred to the input and output as 
given by eq (17) and eq (18) can lead to substantial er- 
rors for low values of closed loop gains. To illustrate this 
point, the table, Fig 17 gives the exact values for input 
and output drift for various values of closed loop gain, 
R,/R,, for an amplifier with eg = 20 pv/°C. 


Closed Loop Gain Input Drift, pv/ °C Output Drift, nv/ °C 


Re/ Ri ej = eall + Ry/RI (RR) eo = eall + Rre/ Ri) 
1 40 40 
2 30 60 
3 26 80 
4 25 100 
5 24 120 
10 22 220 
100 20.2 2020 


Fig 17 — Voltage drift vs closed loop gain. 


Current Offset and Drift: The discussion of voltage offset 
and drift in the previous section is applicable to current 
offset and drift as well, except for one important .dif- 
ference. Unlike voltage source drift, the effect of current 
drift depends on the magnitude of the feedback com- 
ponents since any current which is pumped into the sum- 
ming junction is inherently balanced out by an equal and 
opposite current which forced through the feedback im- 
pedance, Z;. Consequently, the uncertainty in output volt- 
age due to a change in offset current iy, is: 


Ae, = iyR, 


By dividing the output voltage by closed loop gain, the un- 
certainty referred to the input is: 


Ae, = e,/ (R,/ Ry) = igR, 
Thus, to obtain the effect of current drift referred to the 


input, multiply the current drift by the summing im- 
pedance, R,. 


Current Drift Compensation: For differential type am- 
plifiers it is possible in some applications to partially com- 
pensate for current drift. This follows as actually, each 
input of the amplifier has an effective parallel current 


drift source as shown in Fig 18. The current drift and 
offset at each input tend to track with changes in tem- 
perature, time and supply voltage. Therefore, if the im- 
pedance in each leg is balanced, the effect of current drift 
and offset tend to be cancelled. 

The circuit in Fig 18, illustrates the connections for 
current drift compensation. For this circujt the current 
drift at the output is: 


Ae, — —igg(R,) (R, + Ry) /R, + ig(Ry) 
For the case where R, = R;R,/(R, + Ry) this becomes: 
Aé, = Ry (iat peo las) 


Dividing the output drift by the closed loop gain 
(—R,/R,), gives the drift referred to the inputs as: 


Ae; = R,(ige — ia1) 


Consequently, if the two current sources are exactly equal 
in magnitude and R, is chosen correctly, current drift is 
entirely cancelled. Although this is never quite the case, 
at the extreme of operating temperatures where current 
drift is worst, you can obtain by this technique an improve- 
ment in current drift approaching a factor of ten. 


Combined Voltage and Current Drift: Total drift, which 
is obtained by combining voltage and current drift, referred 
to input and output is: 


Aé; = eq + UR; and 
R : 
Ae, = &4 — + igR, for Rj >> R, 
$ 


It is informative to illustrate by an example, the relative 
importance of voltage and current drift. The chart, Fig 19 
gives the total drift referred to the input of a typical 
differential amplifier with average voltage and current 
drift of 25 pv/°C and 0.5 na/°C respectively. Total drift 
is given for various values of summing resistor Rj. 

Input drift for low impedance circuits is thus primarily 
due to voltage source drift, while for high impedance cir- 
cuits, input drift is primarily due to current source drift. 
In conclusion, you must consider both the voltage and 
current source drift, together with impedance levels, in 
predicting the offset and drift performance of an opera- 
tional amplifier. 


Errors Due to Finite Input Impedance 


The prior discussions have presumed that open loop 
input impedance is infinite. Actually, solid state operational 
amplifiers have input impedances which range from 100 
K) to several M(Q). In most applications it is reasonable 
to neglect the effects of finite input impedance; however, 
in instances where the summing impedance; R,, is com- 
parable to or larger in value than the amplifier input 
impedance, the closed loop performance of the circuit 
is somewhat degraded. The primary effect of finite input 
impedance is to reduce loop gain. 


The degradation in close loop performance due to 
finite input impedance is best explained in terms of feed- 


Fig 18 — Current drift compensation. 


Ri Ae; due to ea Ae; due to ia Total Ae; 
Ko pV/°C nV] °C uV/°C 
1 25 0.5 25.5 
10 3 § 30 
100 25 50 75 

1000 25 500 525 


Fig 19 — Comparison of voltage and current source drift. 


back attenuation (f): The circuit Fig 20 shows an am- 
plifier with finite input impedance. 

The calculation for 6 from eq (11) must be modified 
to account for the fact that Z,;, appears in parallel with 
Z, in the feedback voltage divider. 

If we let, 


2,2, Zyl (Z; + Ziy) (19) 
then from eq (11), 
(Ae,/ Ae.) (Z, + Z,)/Z, = 14 Z,/ Z, =1/f' 


= 1 
B= TZ 


Ween Z, becomes comparable to or higher in value than 
Zry, the value for feedback attenuation and consequently 
loop gain, Af’, is substantially reduced. For example, 
if a one megohm summing resistor were used with ah 
amplifier with 100 KQ input impedance, loop gain 
would be attenuated by approximately a factor of ten. 

Fig 21 shows the effect of Z;, on loop gain. A less 
obvious effect of finite input impedance is that the at- 
tenuation in loop gain also reduces closed loop bandwidth. 

Finite Z;y, does not affect closed loop gain, except 
by the increased errors due to reduced loop gain. 


(20) 


Fig 20 — Amplifier with finite input impedance, 


Closed Loop Input Impedance 


For the inverting connection, Fig 20, the closed loop 
ipput impedance is almost exactly equal to the summing 
impedance, Z,, since the summing voltage is at virtually 
zero voltage. To. bé exact, the input impedance for this 
connection is, 


(ZiyZ)/(Zyy + Z,)_ 
1 + AZ iy/(Ziy +2Z,) 


In the non-inverting connection, Fig 22, negative feedback 
is used to produce extremely high input impedance. 
Closed loop input impedance for this configuration is: 


Zict = ZryU1 + AB) 


Theoretically, it is possible to obtain fantastically high 
input impedance in this way. However, common mode 
impedance and leakage resistance associated with the 
wiring and connectors tends to limit the attainable input 
impedance to gencrally 100 MQ except for special very 
high input impedance amplifiers. 


Zict — Z + 


Errors Due to Non-zero Output Impedance 


Open loop output impedance, Z,, varies from as little as 
a few ohms to as much as several thousand ohms, with 
the majority of solid state amplifiers having 100 to 500 
Q) output impedance. Output impedance forms a voltage 
divider with the load and feedback impedance which ef- 
fectiveJy attenuates open loop gain, A, which in turn re- 
duces loop gain. The exact expressions for open loop gain 
taking output impedance into account is: 


ie oS a 
a Z, +41 2; +21, 
t+[Fegt|% 1 +[b™] 2 


(22) 


Normally, manufacturers specify open loop gain at rated 
load with the assumption that Z; > Z, so that in effect, 
a value for A’ is given. Open loop gain will vary slightly 
as the load impedance is changed. However, from eq 
(9) this variation is reduced by the loop gain in closed 
loop operation. 

Output impedance will also cause additional phase shift 
with a capacitance load which tends to introduce stability 
problems. The circuit in Fig 13 shows a technique for 
correcting this difficulty. 

Negative feedback reduces open loop output impedance 
by a factor approximately equal to the loop gain. Quan- 
titatively, closed loop output impedance is: 


Zo 
Ziel =“ T+ Ap 


Errors Due to Noise 


Noise can be considered as any spurious output which 
is not contained in the input signal. Drift is mcrely a 
special case for noise which occurs at very low fre- 
quencies. The analysis of drift and the equations given 
to predict drift referred to the input and output are 
equally applicable to high frequency noise signals. In the 
general case, noise, like drift, can be characterized by a 
voltage source in series with the summing junction and a 
current source in parallel with the summing junction 
as depicted in Fig 15. Like drift, the effect of current 


noise is directly proportional to the summing impedance. 

Since noise is related to the bandwidth over which the 
measurement is made, no noise specification is meaningful 
unless the frequency band for the specification is given. 


Sources of Noise: Noise may appear at a discrete fre- 
quency, such as 60 c/s. It is usually picked up by elec- 
trostatic or electromagnetic coupling to the power lines 
or ac power transformers. In a chopper stabilized amplifier, 
there is usually noise generated at the chopping frequency. 
This noise may be produced by insufficiently shielded 
chopper drive leads or through electrostatic coupling with- 
in the chopper itself. 


Noise can also arise from man-made RF interference. 
For example, the opening of a relay contact handling an 
inductive load may radiate sufficient energy to cause 
pulses of more than one volt peak to be generated across a 
three foot length of wire several feet away from the noise- 
generating circuit. The induced noise generally appears in 
the form of ringing at a frequency determined by the in- 
ductance and capacitance of the conductor that acts as a 
receiving antenna. While this ringing may appear in the 
region of 10 to 100 Mc/s, it may result in a low-frequency 
pulse output from a de amplifier. 


Because the base to emitter diode of a transistor am- 
plifier stage is a rectifying junction, an RF noise input 
can be converted to a dc output. Thus transistor am- 
plifiers are occasionally found to produce an audio out- 
put when in the vicinity of a strong broadcast station or 
may produce an audio pulse output due to an arcing relay. 

RF noise may be fed into an amplifier through any 
connecting wire, including power supply and output leads. 
You can prevent noise pick-up by adequate shielding and 
the use of low-pass filters on all incoming leads connected 
with very short wires. Such filters generally have to be 
isolated from the feedback loop by adequate resistance in 
series with the input or output lead. 


Random or statistical noise is generated in semiconduc- 
tors and other components within an amplifier. “White” 
noise is a particular distribution of random noise which 
contains equal amounts of energy in each cycle of band- 
width. Such noise when generated by a resistor is termed 
“thermal” noise. The noise voltage generated by a transis- 
tor is generally white in the medium-high frequency re- 
gion and increases in its energy per cycle at extreme high 
and low frequencies. Restricting the bandwidth of a sys- 
tem to the minimum usable and using the lowest im- 
pedances possible are ways to minimize random noise. 


Thermal Noise: Thermal noise is generated in any con- 
ductor or resistor as a result of thermal agitation of the 
electrons, which gencrates minute voltages in a random 
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Fig 21 — Effect of Zin on loop gain and bandwidth. 


Fig 22 — Non-inverting connection for high input im- 
pedance. 


manner across the terminals of the conductor or resistor. 
This noise voltage, sometimes referred to as “Johnson 
noise”, is generated in the resistive component of any im- 
pedance and has a value: 


E, = V4RTAIR 


where E, = the rms value of the noise voltage, 
K = Boltzmann's Constant = 1.38 x 10-73 joutes/ 
°K, 
T = absolute temperature of the resistance, °K, 
Af = the frequency band in which the noise is 


measured, 


As a thumb rule, remember that a 1 k*) resistor generates 
1 uv rms in a 60 kc/s bandwidth. A 100 kf resistor 
generates 10 uv rms in the same bandwidth. The noise 
voltages generated by other values of resistance in other 
bandwidths can be calculated from these numbers by 
remembering that the noise is proportional to the square 
root of the resistance and the bandwidth. 


Noise Specification: Although equivalent input noise volt- 
age and noise current are most commonly used to char- 
acterize operational amplifier noise, there are several 
methods for specifying amplifier noise. 


Equivalent Input Noise Voltage: It is convenient to sep- 
arate the effects of equivalent input noise voltage and 
current. The equivalent input noise voltage of a dc am- 
plifiers is that equivalent input noise voltage generated in 
series with a short circuit at the input terminals. 


Equivalent Input Noise Current: When an amplifier is con- 
necfed to a high impedance source, its noise output in- 
creases beyond that due to amplified noise voltage in the 
source resistance. When the source resistance becomes very 
large, the noise in a given bandwidth referred to the 
input becomes proportional to the source resistance. The 
increase in noise may be expressed in terms of an equiv- 
alent input noise current which causes a noise voltage drop 
across any large source resistance. Measurement of this 
noise current is generally made at such a high value of 
source resistance that the equivalent input noise voltage 
is much greater than that obtained with a shorted source. 


Noise Figure: Noise figure is the ratio in db of the equiv- 
alent input noise power of the amplifier with a given 
source resistance over that noise power generated in the 
source resistance alone. For example, an amplifier hav- 
ing an equivalent input noise of 2 uv rms over a 60 ke/s 
bandwidth when connected to a 1 kf1 source resistor has 
a noise figure of 6 db because the equivalent input noise 
power is four times that of the source resistor alone. 


Equivalent Input Noise Resistance: The equivalent input 
noise of an amplifier may be expressed in terms of the 
noise that would have been generated by a resistor con- 
nected in series with the input terminals of a noiseless 
amplifier. In the example above, the amplifier had an 
equivalent noise resistance of 3 kQ which, when added 
to the source resistance of 1 k{, generated an equivalent 
input noise voltage of 2 pv rms. a 
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Most operational amplifier circuits are constructed in 
one of three basic amplifier configurations—inverting, 
non-inverting or differential. The useful properties of all 
three configurations depend on the virtues of negative 
feedback coupled with extremely high open loop voltage 
gain. The configurations differ only in the manner in 
which the input signal is applied and the feedback com- 
ponents are arranged. The relative merits and limitations 
of these three basic configurations are discussed in this 
article. 


INVERTING CONFIGURATION 


The characteristics of the inverting configuration (Fig 
23) were analyzed in Part I and will not be repeated 
here but a summary of the essential advantages and dis- 
advantages is presented. 


Highest accuracy can generally be obtained with the 
inverting amplifier, since, unlike the non-inverting am- 
plifier, one input is normally grounded and there are no 
common mode voltage errors. Single ended amplifiers, 
which require that one input be grounded, can be used 
only in the inverting connection. This includes most chop- 
per stabilized type operational amplifiers. For ac amplifiers 
you can obtain the lowest distortion in the inverting mode 
since common mode voltage errors also introduce distor- 
tion. The inverting configuration is excellent for summing 
two or more input signals. This follows as the summing 
junction is virtually at ground potential so that the input 
signals are almost completely isolated from each other. 


Another versatile feature of the inverting amplifier is 
that it is possible to obtain closed loop gains less than 
one; which is not possible with the non-inverting amplifier. 


In many applications such as active filters, servo am- 
plifiers and integrators you must attentuate a portion of 
the frequency response below unity gain. 

Closed loop input impedance, for the inverting am- 
plifier, which is essentially equal to the summing im- 
pedance, Z,, is limited to a few megohms for all prac- 
tical purposes. This follows, because as a rule of thumb, 
the summing impedance should not be much greater than 
the amplifier’s open loop input impedance, Z,,, which for 
most solid state operational amplifiers is in the range 
from 0.1 to 1 megohm. Another limitation is that the 
inverting configuration for very low closed loop gains 
degrades voltage source drift and noise by as much as a 
factor of two for unity gain. This degradation in drift 
and noise does not occur for the non-inverting configura- 
tion. The inverting configuration is a poor choice if you 
require both high input impedance and wide bandwidth. 
When using large summing and feedback resistors, stray 
capacitance has a greater effect in limiting closed loop 
bandwidth. 


Low Input Impedance 


Negative feedback reduces the input impedance at the 
summing junction of the inverting amplifier to negligible 
proportions. You can use this characteristic to advantage 
in some applications such as amplifying the output from 
photocells and other current generator type transducers. 
In analyzing circuits of this type it is convenient to treat 
the input signal as a current source as shown in Fig 24. 
Closed loop gain from a current source with infinite source 
impedance, is: 


. I 
e,/i, = — @) Ty77ag ax — Z, for AB >> 1 


where 1/8 = 1+ ft and A is the open loop gain. (23) 
IN 


Fig 23 — Inverting configuration. 


Fig 24— Current source amplifier. 


We see that if loop gain, A, is sufficiently large, the 
value of the feedback resistor, Z;, entirely determines the 
gain. Closed loop input impedance is: 


( Z;'Ziy ) 
Sey. 2Z,+ Zw 
2S, = OU AB me 


When the source impedance, Z,, becomes equal to or 
less in value than the open loop input impedance Z,y, 
in parallel with the feedback impedance Z;, you attenuate 
loop gain For finite, Z,, modify eqs (23) and (24) by 
substituting 1/B’ for 1/B where: 


ZAZ,+-Z;%) 


5 
Z,Zix ia: 


1pmtt+ 
The effect of voltage and current drift for the circuit in 
Fig 24 is more revealing when referred to the output. 
Drift at the output is: 


Z Z : 

Ae, = oi( 22%) + ial, (27) 
s 

where eg is the voltage source drift, ig is the current source 

drift. 


NON-INVERTING CONFIGURATION 


The most useful property of the non-inverting am- 
plifier is the extremely large input impedance developed 
by negative feedback. Consequently, this configuration is 
most usful as a buffer or impedance transformation am- 
plifier and for amplifying signals from very large source 
impedances. 


Fig 25 —Non-inverting configuration. 


In this configuration, the input signal feeds to the non- 
inverting input and feedback returns to the inverting input 
as shown in Fig 25. Since negative feedback maintains 
the error voltage between the amplifier inputs to an in- 
finitesimal value, you see that the negative input must 
follow any changes applied to the positive input. There- 
fore, the successful performance of this circuit requires 
a differential input amplifier where both inputs can op- 
erate above ground potential and where the rejection of 
common mode voltage is very good. Since most chopper 
stabilized operational amplifiers are single ended, you can 
not use them in this circuit. 


Closed Loop Input Impedance 


The high input impedance of the non-inverting connec- 
tion is due to what is basically potentiometric feedback 
where the output signal or some fraction thereof is 
summed in series with the input. Consequently, the only 
input current which flows is due to the error voltage 


Fig 26 —Non-inverting amplifier with common mode 
input impedance. 


across the amplifiers open loop input impedance Z,y. 
Quantitatively, eq (28) gives the closed loop impedance if 
you assume that Z;, is greater than the parallel impedance 


of Z, and Zo. 


Then, 


Z; = Zry [? + 48 |= Ziy E +A (545) ]es 


Notice from eq (28) that Z, depends only on the ratio 
of Z,\/(Z,; + Z.). Therefore, the magnitudes of Z. and 
Z, can be quite low without affecting input impedance, 
their magnitude being limited only by the output cur- 
rent rating of the amplifier. This situation offers two 
distinct advantages as compared to the inverting am- 
plifier. First, for circuits requiring high gain and high 
input impedance, you can select resistors in a range of 
values where high quality, stable components are readily 
available. Secondly, you can design high input impedance, 
wideband amplifiers since stray capacitance has a smaller 
effect with the relatively low impedances which can be 
used for the feedback components. 


From eq (28) you would expect input impedance to 
approach infinity as open loop gain, A, becomes very 
large. This would be true if it were not for common mode 
input impedance, In addition, to the impedance between 
amplifier inputs, Z;x, there is also an effective impedance 
from each input to ground as shown in Fig 26. The 
parallel sum of the impedances from each input to ground, 
generally specified as the common mode input impedance, 
is Z.,, where: 


Zom1* Zoms 
Zeomt + Zome 


For transistor type differential amplifiers, common mode 
impedance generally ranges from 10 to 500 megohms and 
it is this value which sets the upper limit on the closed 
loop input impedance, Z,, which can be achieved in the 
non-inverting configuration. Note that the output supplies 
the current for Z.n2 so that only Z,,, draws input cur- 
rent. Therefore, the expected limit on closed loop im- 
pedance would be twice the specified common mode im- 
pedance, Z,,,- 

At high frequencies three factors pose additional limits 
on the achievable input impedance. 


Zen = 


e Lower open loop gain at higher frequencies reduces 
the negative feedback which causes the high input im- 
pedance. 


e Shunt capacitance across the inputs reduces open loop 
input impedance at high frequencies. 


e Shunt capacitance to ground reduces common mode 
impedance at high frequencies. 


Closed Loop Gain 


Assuming infinite input impedance, closed loop gain is: 


a Ez 1 

6 Zz; 1+ 1/AB 
Nee ae eee” 

ideal error due to 


amplifier finite gain 


2,42, 
- (220) ( 1 —1/AB ) (29) 


where 1/8 = (Z, + Z2)/Z, is the ideal closed loop gain, 
A is the open loop gain and the factor AB is the loop 
gain. As for the inverting configuration, gain error is 
inversely proportional to loop gain. Eq (29) shows that 
with infinite AB, you cannot attenuate the closed loop gain 
below unity for anv frequency. Unity gain occurs when 
Z; = o andZ, — 0. 

Gain for finite open loop input impedance, Zi, is, 


= = [72] [ae] 
Go Z; 1 + 17AB’ 


where 1/8 = (24%) (77+) (30) 
1 


Consideration of common mode input introduces a 
further error in the closed loop equation. To a first 
approximation you should look at the effect of common 
mode impedance as forming a voltage divider to ground 
with source impedance, Z,. This case modifies the gain 
equation to: 


eo (24 2Zom 1 43 
= (42) (ez) (remap) & 


Common Mode Voltage Errors 


Common mode voltage rejection is a source of error 
for the non-inverting configuration which is not a prob- 
lem for the inverting connection. Ideally, for a differential 
input amplifier, the gain from each input to the output 
is exactly equal and opposite so that no output is pro- 
duced when the same voltage is applied to both inputs. 
When the gains of each input are not exactly balanced, 
an output will be produced for a common mode input 
voltage. This output error, generally referred to the input 
as a ratio of the applied common mode voltage, is the 
common mode rejection ratio (CMR). 


Since both inputs of a non-inverting amplifier assume 
approximately the same voltage, you would expect an 
input error equal to the CMR times the input voltage. 
The limit of the maximum input voltage is generally 
specified as the maximum common mode voltage. 


Voltage Drift and Offset 


Unlike the inverting amplifier, input voltage source drift 
(and noise) referred to the source voltage is independent 
of closed loop gain for the non-inverting amplifier. Thus 
for unity gain, voltage drift is improved by a factor of two 
as compared to the inverting amplifier. 


Current Drift and Offset 


The effect of current source offset and drift depends 
primarily on the magnitude of the source impedance. As 
shown in Fig. 27 offset current required by the plus in- 
put must be drawn through the source resistance. This 
produces an input offset voltage proportional to the prod- 
uct of offset current, ig, and the source resistance, Z,. 


Ae, = i,Z, 


For very large source impedance, the magnitude of initial 
offset current and current drift is a very important con- 
sideration in selecting an amplifier. For example, an am- 
plifier with any initial offset current of 10 na and current 
drift of 1 na/°C when used with a source impedance of 
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Fig 27 — Balance circuit for offset current (Z3 > > Zi). 


10 megohms will produce an input offset voltage of 100 
mv and drift of 10 mv/°C. 

To bias out the initial offset current, sum an equal and 
opposite current to the non-inverting input as shown in 
Fig 28. However, the biasing network used in this scheme 
tends to lower the input impedance. Fig 27 shows a pre- 
ferred circuit for zeroing large voltage offset due to in- 
put current which does not affect input impedance. 

It is important to realize that the external zero voltage 
adjustment provided with many amplifiers is intended for 
balancing the amplifier’s initial offset voltage and it should 
not be used to compensate for large voltage offsets due 
to offset current. The reason is that you may increase 
drift by intentionally generating a large voltage offset 
within the amplifier to compensate for current offset. 

To reduce the effect of initial current offset and drift 
in some cases, add a resistance equal to the source im- 
pedance in series with the inverting input. Since offset 
current at each input is generally about equal and tends 
to track with temperature change, equalizing the im- 
pedance in both input leads cancels the effects of current 
drift to the extent that the input currents track. The limita- 
tion here is that as Z, becomes greater than the open loop 
input impedance Z,y, loop gain is lost. Moreover, large 
impedance in the inverting input tends to restrict the 
bandwidth due to stray capacitance and to generate exces- 
sive noise. 


For the inverting amplifier, drift errors due to current 
offset, i , increase proportional to closed loop input impe- 
dance, since the summing impedance, Z , determines both 
the input impedance and the drift errors (i Z ). However, 
for the non-inverting amplifier drift errors due to current 
offset is only a function of the source impedance (i Z ) 
and is independent of closed loop input impedance. Usually 
the non-inverting amplifier is considered as a means of ob- 
taining higher input impedance, but from this analysis we 
can see that another and equally important consideration 
by selecting the non-inverting configuration is to obtain 
lower overall drift errors for a given source impedance. 


Non-Inverting ac Amplifier 


When a blocking capacitor is used to ac couple the 
input to the non-inverting amplifier, a de path must be 
provided for the input current as shown in Fig 28. Re- 
turning the leakage resistor to ground or preferably to a 
bias voltage, generates an equal and opposite current to 
null the initial offset current. The closed loop gain am- 
plifies any offset voltage developed by input current to 
produce an output offset which tends to limit the output 
dynamic range. The maximum value for-use for leakage 
resistance, R,, is limited by the magnitude of current drift, 
the closed loop gain and the required output dynamic 
range. 


Limitations on Maximum Source Impedance 


Several factors have been mentioned which limit the 
maximum source impedance which can be used with a 
given set of amplifier specifications. The major con- 
siderations are: 

e Loop gain is attenuated when the source impedance ex- 
ceeds the amplifier’s open loop input impedance, Z;y. The 
magnitude of this attenuation is Zyy(Ziy + Z,). Gain 
accuracy, gain stability and closed loop input impedance 
are all degraded by loss of loop gain. 

e The effect of input current noise is proportional to the 
magnitude of source impedance and excessive input noise 
can be generated for very large Z,. 
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Fig 28— AC non-inverting, with current offset adjust. 


e Input voltage drift is produced which is proportional 
to the product of source impedance and current source 
drift. 


e When the source impedance, Z,, becomes comparable 
to or greater than the common mode impedance, Z,,,, an 
additional error is introduced into the closed loop gain; 
the error factor being: 


lg ae 
2 Zem + Z, 


In cenclusion, open loop input impedance, both common 
mode and differential, current source drift, noise and off- 
set and open loop gain are the principle amplifier specifi- 
cations which limit the maximum source impedance which 
can be used with the non-inverting configuration. 


Fig 29 — Differential configuration. 


DIFFERENTIAL CONFIGURATION 


Ideally, the differential configuration shown in Fig 29 
amplifies only the potential difference between ¢, and éo. 
Voltages of the same potential, so-called common mode 
voltage, are not amplified. This configuration is useful 
in such applications as amplifying signals which are floated 
above ground potential, substracting voltages and measur- 
ing resistance bridge signals. The circuit can also amplify 
small signals in the presence of common mode noise 
voltage. Closed loop gain, for an infinite gain amplifier is: 


i R, Ri+R: Re 
w=a(ggm) Mae)-«(e) & 


Except in applications, such as substracting, which re- 
quire a scale factor difference, adjust the ratios R,/R, 
and R,/Rs; to be equal. In this case eq (33) becomes: 


ez (z) (e; —_ €;) for gi = Rs (34) 
R, 


Closed loop input impedance for e, is just the summing 
resistor, R,, while for e, it is (Rg +- R,). Like the in- 
verting amplifier, the differential amplifier sometimes suf- 
fers from the relatively low input impedances which can 
be achieved. Fig 30 shows one arrangement of amplifiers 
which combines the high input impedance of the non- 
inverting amplifier with the common mode rejection ca- 
pabilities of the differential amplifier. Gain for this cir- 
cuit is: 


es = ( a+ y) Ree — e:) (35) 


Fig 30 —- Circuit for differential, high input impedance. 


Common Mode Voltage and Rejection Ratio 


The circuit of Fig 29 requires a differential input type 
amplifier where both inputs are operable above ground 
potential and where the rejection of common mode voltage 
at the two inputs is very good. Both inputs are con- 
strained by negative feedback to be at essentially the 
same potential which is (e,) (R4/Rs + Ry). If we call 
E.., the maximum common mode voltage which the am- 
plifier input terminals can withstand, then the maximum 
common mode voltage which can be applied to e, end e, 


18, 
a Rs +R, (36) 


Common mode rejection ratio (CMR) is defined as the 
applied common mode voltage divided by the resulting 
error referred to the input. CMR for the circuit in Fig 
29 depends on several factors which are discussed sep- 
arately below. We shall assume here that R,; = Rs; and 
R, = Ry. 

Source Impedance Unbalance: An unbalance in source 
impedance will cause 2 common mode voltage error. The 
CMR, due to a small unbalance in source impedance is: 


Ra ERS ERs 
CUR = RR) Rah. OO 


For R, = Rs, Re = Ry, Rat = Ry Rep = R, — AR, 
and R, > > AR, 


ee) 


Hence a given percentage unbalance in R, will have a 
smaller effect on CMR when (R, -++ Re) >> R,. 


Summing Impedance Mismatch: A common mode error 
is also introduced by a mismatch in the summing im- 
pedances, R, and R;. Use eq (37) to predict the CMR due 
to this mismatch. Assuming R,; — Ri—R,, Rg = Ri 
— AR,, and R, > > AR,, then eq (37) becomes: 


__R; R,+R, 
CMR ~ TR (1+ 44 R apes) 


Feedback Impedance Mismatch: A mismatch in R, and 
R, will cause a common mode voltage error for which 
CMR is given by eq (38). 


_ (R:+R 7") ( Ry ) 
CMR: =. (2 ee) 38 
( R,—R, Reka) 


Assuming 
R,, = Rug = R,, Ry — Ry + AR, and R, >> AR, 
then eq (38) becomes, 


st (1+ P4E®) (Ste) (39) 


From eq (39) we see that a circuit with higher gain, 
R,/R,, will have a higher CMR for a given percentage 
unbalance, R2/ AR». 

Amplifier Common Mode Rejection: The inherent com- 
mon mode rejection of the amplifier itself will limit the 
common mode rejection of the circuit to that of the 
amplifier. Note that unbalancing the resistors R, and Rg, 
or R, and Ry, cancels the common mode error and ef- 
fectively increases the CMR to infinity. The residual signal 
due to a common mode voltage will then consist of only 
distortion components arising in the input stage of the 
amplifier as it swings over the common mode voltage 
range. 

AC Common Mode Rejection: When used to reject ac 
common mode voltages, unbalance of stray capacitance 
between each input and ground can cause a common mode 
voltage error. CMR due to stray capacitance is given by: 


(R, + jX,) (Ry + jX) 
Ry(iX, — iX-) 
where R, = R,Ro/(R, + Re), jX1 is the reactance to 


ground from input e, due to stray capacitance and jXz is 
the reactance to ground from input es. 


CMR = 


CMR = (40) 


Voltage and Current Drift 


Offset and drift for the differential configuration are 
very much the same as for the inverting configuration 
which was discussed in Part I Sept EMD. In most dif- 
ferential amplifiers, the parallel sum of the impedances 
from each input to ground is balanced. Since the current 
at each input tends to track the other with changes in 
temperature, voltage offset due to current drift is cancelled 
to the extent that the currents do track. 


OPEN LOOP OPERATION 
AND VOLTAGE COMPARATORS 


In some applications you use the extremely high sen- 
sitivity of operational amplifiers, due to high open loop 
gain, with little or no feedback. In this case, the opera- 
tional amplifier operates basically as a switch, since output 
is saturated at either the maximum positive or negative 
output voltage and a very small input voltage will cause 
the output to change polarity. Voltage comparators, used 
in digital voltmeters, analog-to-digital converters and pre- 
cise timing circuits, are the most common application of 
operational amplifiers in the open loop mode. Fig 31 
shows a simplified circuit for a voltage comparator. 

The input signal, e,, and the reference signal, e,.,, must 
be of opposite polarities. As the input voltage exceeds the 
reference voltage, a very small difference will cause the 
output to rapidly switch polarity. The threshold, or volt- 
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Fig 31 — Voltage comparator circuit. 


age difference required to switch the output, depends on 
the maximum swing of the output voltage and the open 
loop gain of the amplifier. For example, if the maximum 
output swing were +10 v and the open loop gain were 
100,000, a 100 yv difference between the input and refer- 
ence voltage would switch the output polarity. For a 100 v 
reference signal, this gives the circuit the ability to com- 
pare voltages to within one part in 10°. 

If you slowly vary the input voltage, any noise appear- 
ing on the input signal, the reference voltage or any noise 
picked up by the summing junction or generated within 
the amplifier itself will cause the output to chatter at 
the time of coincidence. Fig 32 shows how to eliminate 
this chattering by the use of positive feedback, which pro- 
vides a hysteresis exceeding the noise level. 


Fig 32 — Voltage comparator with hysteresis (R7 > > R4). 


The zener diode feedback limits the amplifier output 
swing to —0.5 to 5 v. As the input voltage approaches the 
trigger level, the regenerative feedback due to switching 
the output causes a step in the net voltage of the posi- 
tive input equal to one-thousandth of the output voltage 
change, or 5.5 mv. If the input noise level is less than 
5.5 mv peak-to-peak, there will be no chattering of the 
output as a result of noise for a monotonic change of e, 
due to the bias generated at the positive input. Adjust the 
amount of hysteresis by changing the zener diode voltage 
or the ratio of R3; and R,. Add the resistor, Rs, in the 
positive input to balance the impedances of both am- 
plifier inputs to ground, thereby reducing input offset due 
to current drift. Use the bias circuit formed by R,; and 
P, to zero initial input offset. 

Diodes D, and Dg, reduce leakage current to the sum- 
ming junction which is generated by the zener diode, D3. 
To some extent, depending on the values of Ro, Rg and 
Cree, these diodes also protect the summing junction from 
overloads. However, for very large reference voltage and 
small Ry it may be desirable to add a pair of low leakage 
silicon diodes from the summing junction to ground to 
prevent damage or saturation of the amplifier input for 
large unbalance between the input signal and the refer- 
ence voltage. With protecting diodes to ground and stable 
summing resistors, excellent performance is possible with 
hundreds of volts unbalance. The clamping feedback 
circuit also prevents the amplifier from saturating which 
guarantees rapid recovery in switching the output. The 
capacitor, C,, speeds the switch action of the regenera- 
tive feedback and improves closed loop stability for some 
amplifier types. 


Errors In Comparator Circuits 


We have already mentioned that one error in the com- 
parator’s operation is the amount of error voltage re- 
quired at the summing junction to switch the output. Most 


operational amplifiers have sufficient open loop gain so 
that this error is small compared to that due to noise 
and drift. Noise for obvious reasons limits the threshold 
of comparison and hysteresis should be used which is 
greater than the peak-to-peak noise at the summing junc- 
tion from all sources including the signal and reference 
voltages. 

Input offset drift, of course, shifts the level of coin- 
cidence between the input signal and the reference signal 
and thereby introduces an error in the absolute voltage as 
well as the repeatability of comparison. The factors con- 
tributing to input offset drift are the same as though the 
amplifier were used as a linear inverting amplifier and 
can be predicted from the amplifier’s specifications and 
other considerations previously discussed. The same tech- 
niques that minimize drift in linear dc amplifier circuits 
should be used in comparator circuits. Namely, the sum- 
ming impedance should be as low as possible, the im- 
pedances of each input of a differential amplifier should 
be balanced and summing impedances greater than the 
open loop input impedance of the amplifier should be 
avoided. With differential type amplifiers, noise and drift 
errors below 1 mv can be readily obtained and with chop- 
per stabilized amplifiers, errors less than 50 ,v are possible. 
Frequently these low errors are exceeded by noise and drift 
in the input and reference signals. 


Response Time 


When the input signal is changing rapidly through the 
trigger point, there may be a delay in the output switching 
due to the frequency response characteristics of the am- 
plifier. While you can sometimes compensate the delay 
by a change in the reference voltage, this delay is frequent- 
ly a function of temperature. For this reason, you obtain 
best high speed operation with amplifiers having wide 
gain bandwidth. Actually slewing rate or, alternatively, 
full output voltage response is the most significant specifi- 
cation, since rate limiting generally restricts the response 
time. 

Overlaad recovery time can also introduce a delay in 
response. Therefore, the amplifier used must either have 
very fast recovery time or a circuit like that in Fig 32 
must be used which prevents output overload and there- 
fore any delay due to overload recovery. | | 
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